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PREFACE 


It is one of the commonest occurrences in the development of 
science that the necessary subdivision of the subject leads to a 
temporary neglect of phenomena lying on the borders between 
the specialized fields. Sooner or later the deficiency becomes 
too patent to be overlooked, and a new specialty makes its 
appearance. Something of this sort has been happening in the 
last two decades on the borderline between physical chemistry 
and organic chemistry. For a time it was almost a point of 
honor with both physical and organic chemists to profess igno- 
rance of the other's field, and it remains a useful defense mechan- 
ism, if any is needed, to excuse the fact that specialization entails 
limitation as well as intensification of knowledge. Meanwhile 
there has grown up a body of fact, generalization, and theory 
that may properly be called physical organic chemistry. The 
name implies the investigation of the phenomena of organic 
chemistry by quantitative and mathematical methods. 

One of the chief directions that the development of the subject 
has taken has been the study by quantitative methods of the 
mechanism of reactions and of the related problem of the effect 
of structure and environment on reactivity. In no other direc- 
tion have its results been of such immediate practical importance 
for the basic problem of chemistry, the control of chemical 
processes. This part of physical organic chemistry forms the 
subject of the present book. 

A physicist colleague once mockingly referred to this kind of 
investigation as the study of soapmaking, whereas any respect- 
able chemist must today busy himself with the chemistry of the 
nucleus. The remark underestimates both the theoretical and 
the practical significance of soapmaking. Soap is a by no means 
negligible factor in human civilization; I am not sure that we 
know more about the fundamentals of soapmaking, which is to 
say ester hydrolysis, than we do about the nucleus; I think the 
theoretical problems involved are quite as interesting; and I am 
convinced that an understanding of the mechanism by which 
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complex naturally occurring substances, the enzymes, accelerate 
hydrolysis would lead to a great advance toward the interpreta- 
tion of the phenomena of life. 

Part of my excuse for this book is therefore that the material 
is important and interesting. In further justification I urge 
that the subject has reached a point of development where a 
unified and consistent treatment is possible in terms of a few 
simple generalizations and theories. My final apology is that 
no complete and adequate treatment is available except in widely 
scattered periodical articles. It is quite as difficult to advise a 
course of reading for a student of physical chemistry who wishes 
to assess the significance of an investigation of isotopic exchange 
phenomena in organic compounds as it is to aid a student of 
organic chemistry who wishes to understand the acid catalysis 
of the Beckmann rearrangement or of the cyclodehydration reac- 
tion. My hope is that this book may be of value to both groups, 
and I have therefore tried to make the discussion intelligible 
to a student with a sound but elementary knowledge of both 
physical and organic chemistry. I can only apologize if it 
contains matter that seems trivial or obvious to the advanced 
practitioner in either field. 

The theories and principles presented in the text are to a very 
minor extent my own. For the mistakes I have no doubt 
made in crediting them to their true originators, I can only plead 
the great difficulty of determining the priority of ideas, and 
acknowledge my debt in general terms. I am indebted to the 
editor of the Journal of the American Chemical Society, to the 
publishers of Chemical Beyiews, and to the Faraday Society for 
permission to reproduce a number of figures; to my colleagues at 
Columbia University for inspiration and advice, and especially 
to Prof. George E. Kimball, who has read and criticized part 
of the manuscript; to the research students who have taught me 
more than I have taught them; and most of all to three great 
teachers, E. P. Kohler, H. Staudinger, and J. M, Nelson, who 
planted the seed from which this book has grown. 

Louis P. Hammett. 

Columbia Unwebsitt, 

New Yobk, 

Marchy 1940 . 
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PHYSICAL OKGANIC 
CHEMISTEY 

CHAPTER I 

STRUCTURAL THEORY: NONELECTROLYTES 

The Methods of Structural Chemistry. — The science of 
structural organic chemistry has developed from the study of 
chemical reactions pictures of the spatial arrangement of the 
atoms in organic compounds, which are astonishingly successful 
for the purpose for .which they were designed — ^the qualitative 
prediction of the course of chemical reactions. The discovery 
of physical methods of investigation, which may be even more 
directly interpreted in terms of the geometry of the molecule, 
has led only to a verification and extension of the usefulness 
of these pictures. X-ray and electron-diffraction measurements, 
dipole-moment studies, investigations on surface films are all 
consistent with such ideas as the tetrahedral distribution of the 
valences of carbon, the hexagonal symmetry of benzene, the long- 
chain structure of stearic acid, and the accepted structures of 
the ortho, meta, and para derivatives of benzene and of the 
ci$ and trans isomers of ethylenic compounds. 

As successful as these methods of structural determination 
have been, they nevertheless have their weaknesses and limita- 
tions, which have in fact long been apparent to the thoughtful 
orgahic chemist. The assumption of the constancy of valence 
has definitely failed to account for the properties of benzene 
derivatives, to say nothing of free radicals. The Waldep inver- 
iS^hr and the 'mdespread occurrence of molecular rearrangements^ 
show that an entering group does not occupy the same portion in 
' as the ‘;OHe that it' displaces. Furthermore, although the 

to a fine arf the p^rediotibii 6i the 
I 
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effect of structure and of external conditions upon course of 
reaction, reactivity, and yield of product, this is an art, as 
Conant once pointed out^; and it must be the task of science to 
replace the qualitative judgments with quantitative statements 
of reaction rate and reaction equilibrium. 

Meanwhile the quantum theory of atomic and molecular struc- 
ture has developed ideas that may be applied to these problems 
with illuminating and stimulating results. The basic concepts 
involved are presented in the following paragraphs; the reader 
who wishes a more detailed and exact mathematical treatment 
is referred to specialized treatises^ and to the periodical literature. 

Fundamental Ideas of Atomic and Molecular Structure. — In 
all current thought on the subject, the atoms and molecules of 
chemical substances are pictured as composed of nuclei and 
electrons. The nucleus is a positively charged body of extremely 
minute dimensions (with a diameter perhaps one one-hundred- 
thousandth of that of an atom). It is so dense that the mass of 
an atom is practically that of its nucleus. The charge of a 
hydrogen nucleus, a proton or a deuteron, is equal in magnitude 
but opposite in sign to the charge of the electron. More gener- 
ally, the charge of a nucleus is equal to its atomic number multi- 
plied by the charge of the hydrogen nucleus. Thus the nuclear 
charge of carbon is six, that of nitrogen seven, and that of oxygen 
eight times that of the proton. All electrons have the same 
negative charge and the same mass, approximately one eighteen- 
hundredth of that of the proton. 

A neutral atom contains in addition to the nucleus a number of 
electrons electrically equivalent to the nuclear charge, i.c., equal 
to the atomic number. An atom may, however, gain or lose 
electrons to become an ion of negative or positive charge. Thus 
the sodium atom contains 11 electrons, the sodium ion 10; the 
chlorine atom contains 17 electrons, the chloride ion 18. The 
earlier attempts to construct a theory of atomic and molecular 
structure in terms of nuclei and electrons pictured the latter as 
rotating about the nucleus in orbits like those of the planets 
about the sun. These theories have been abandoned in favor 

1 Conant, Ind. Eng. Chem., 24, 466 (1932), 

*E.g,f Pauling and Wilson, ‘‘Introduction" to Quantum Mechanics,'’ 
New York, 1935; Hellmann, “Quantenchemie," XiCipzig and Vienna, 1937. 
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of an approach, that of quantum mechanics, which is more 
difficult to visualize but much more useful. 

The Quantiim Principle : Energy Levels. — The chief source of 
information about the interior of the atom is the study in terms 
of the quantum principle of the absorption and emission of light 
by atoms and molecules. The quantum principle of Planck, 
Einstein, and Bohr amounts simply to this: When an atom or a 
molecule absorbs or emits light, it gains or loses an amount of 
energy, a quantum, the magnitude of which is equal to the fre- 



quency of the light V multiplied by a constant h which is called 
PlancWs constant and has a value of 6.610 X 10"^ erg sec. If 
AE represents the change in energy per atom, 

AE = hv (1) 

Since atoms and molecules absorb or emit only certain narrowly 
defined frequencies of light, i.e., since they possess line spectra 
instead of continuous absorption or emission, equation (1) 
implies that their energies are correspondingly limited. An 
atom or a molecule can therefore have only certain sharply 
defined values of internal energy; it can exist in only one or 
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another of a series of energy states. Since each line in the 
spectrum corresponds to a transition from one energy state to 
another, the values of the energy that an atom or molecule 
possesses in its various states may be determined by investigating 
the frequencies of light that it can absorb or emit. 

The possible energy values of the hydrogen atom, as revealed 
by its spectrum, may be represented, as in Fig. 1, by a series of 
steps of varying height. The energies of the states are given in 
kilogram-calories at the right of the diagram. Some of the 
possible changes in energy are represented by dashed arrows 
the length of which measures the energy change AE in kilogram- 
calories. By equation (1) the length of the arrow also measures 
the frequency of the light that is absorbed if the atom gains or that 
is emitted if it loses energy. There is a greater variety of 
emission than of absorption lines because almost all the atoms 
are normally in the lowest energy state, and only those transi- 
tions are possible which start from this state. 

One may very naturally picture the increase in energy involved 
in going from a lower to a higher level as resulting from the 
removal of an electron to a greater distance from the nucleus, 
work being done against the attraction of the opposite charges of 
nucleus and electron. From the way in which the higher levels 
crowd together toward a limit, represented in Fig. 1 by the zero 
value of energy, it is reasonable to suppose that the limit repre- 
sents the largest amount of energy that the atom can possess. 
The energy of the limit must then be that of a completely 
separated nucleus and electron, i.e,, of an ionized hydrogen atom, 
and the distance from lowest level to limit must measure the 
energy required for the ionization. This conclusion has been 
so completely and precisely verified in such a large number of 
experiments as to prove decisively the necessity of the quantum 
principle. 

Quantum Mechanics : The Hydrogen Atom. — ^Evidence of this 
sort can obviously give no information about the position of the 
electron or about the rate at which it is moving; and it has 
indeed been impossible to find any mode of investigation that 
leads to such information. In accordance with this situation, 
the method of quantum mechanics concerns itself only with the 
probable or average position and motion of the electron. 
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The fundamental assumption of the quantum mechanics is 
expressed in a differential equation, the complexity of which 
increases with increasing number of nuclei and electrons, but 
which takes the form 

+ = 0 ® 

in the simple case of the hydrogen atom (one nucleus of mass 
m and charge +e, one electron of mass m and charge — e). 
Here r is the distance from electron to nucleus, d- and (j> are angles 
defining the position in space of the line joining nucleus and 
electron, W is the energy of the system, and ^ is the square root 
of the probability that an electron will be present at a point the 
polar coordinates of which are r, and 0. This Schrodinger or 
wave equation cannot be proved or derived in the sense of induc- 
tive reasoning; it is a hypothesis or guess which is checked and 
found useful or valid by comparing with experiment the various 
conclusions that may be derived from it. And, in fact, all the 
known properties of hydrogen atoms and of other atomic and 
molecular systems agree in the minutest detail and to the utmost 
precision with the predictions of the equation. 

Thus the equation has the peculiar property that it can be 
integrated to give a physically possible relation between the 
probability and the variables, r, 4, and (j> only when the energy 
W has one or the other of a series of sharply defined values. 
These are given by the equation 

_ 27r^mme^ 

(m + m)h^n^ ^ ^ 

in which n is any positive whole number and is called the principal 
quantum number, TFh has the value 311.934 kg.-cal./mole. 
But these values of energy are in fact just the ones, plotted in 
Fig. 1, that spectroscopic investigation has shown to be possible 
for the hydrogen atom. The prediction of the Schrodinger 
equation agrees therefore with the most striking property of 
atonaic systems, the quantization of the energy. 
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Wave Functions or Orbitals. — ^For each value of n and conse- 
quently of W there exist one or more equations representing 
^ as a function of r, and 0. Some equations of this sort, called 
w(we functions or orbitals , are 

For 71 == 1 

For 71 = 2 


(4) 


^ J ( 2 _ 

oo/ 

( 5 ) 


J/ = — } r cos 

4V25ro§ 

(6) 


0 l__7*g-r/2a5 COS <l> 

4V^ 

(7) 


\p = — } ■ sim? sin 

4\/^ 

(8) 

The quantity ao in these equations is defined by 



ao = = 0 . 5285 a 

(9) 

The methods 

of integration by which equations 

of this sort 


are derived from the differential equation are devious and com- 
plicated. Fortunately there is no diflSiculty in determining 
whether the final result is correct; for it is a simple exercise in 
differential calculus to obtain the derivatives that appear in 
equation (2) from any of the equations (4) to (8) and by sub- 
stitution of these and the correct value of W from equation (3) 
to verify the integration. 

Each of the equations (4) to (8) represents a possible state 
of the hydrogen atom, i.e,, one of the ways in which the quantity 
yp may vary from point to point in the space surrounding the 
nucleus. The transitions the energy and frequency of which are 
related by equation (1) are determined by changes of the atom 
from one to another of these states. For any value of n, there 
exist wave functions, all of which in the hydrogen atom have 
the same energy but which in any case represent different dis- 
tributions in space. The angles and ^ do not appear in. one 
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of the wave functions for each value of n. In these states, 
which are called s states, the value of ^ depends only on the 
distance r of the electron from the nucleus and is independent of 
the direction in space of the line joining them. Equation (4) 
describes a Is state, the only possible state for which n = 1, 
equation (5) a 2s state, and equations (6), (7), and (8) the three 
other states, called 2p states, which together with the 2s state 
make up the 2^ = 4 states for which n == 2. The letters d, /, 
and g are used to characterize other states, which are possible only 
when n > 2. 



Fig. 1-2. — The dependence of ^ on r in the la and 2» states of the hydrogen atom. 

Various graphical representations are possible. Figure 2 
plots the value of ^ against r for the Is and 2s states of hydrogen. 
Another method is to plot on a plane through the nucleus lines 
connecting points of equal probability density Such contour 
maps are shown in Fig. 3 for the Is state and in Fig. 4 for one 
of the 2p states. In these the value of along each contour 
diflFers by a constant amount from that along the next contour. 
This difference is indicated by the numerical values attached to 
the curves. The true contours are surfaces in three dimensions, 
which can be derived by rotating the curves plotted about a 
vertical axis through the nucleus. 

The meaning of the probability density may be visualized 
by thinking of the electron as moving about very rapidly in the 
space surrounding the nucleus. Without attempting a detailed 
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description of this motion, one may then say that the probability 
of the electron visiting a point is measured by the value of 



Fig. 1-3. — contours for the la state of the hydrogen atom. 


^2 



Fig. 1-4. — contours for the 2p state of the hydrogen atom. 

at that point. That is, the number of times the electron appears 
at the point during any considerable period of time is proper- 
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tional to The effect of this situation would, in all essential 
respects, be the same as if the electron were diffused in space in 
such a way that the fraction of its charge present in a small 
volume of space dF in the neighborhood of a point is equal to 
the value of at the point multiplied by dF. Either picture 
is a possible and helpful one. 

In all states the density drops off rapidly at large distances 
from the nucleus and becomes very small beyond a few Angstrom 
units (1a = 10""® cm.). Nevertheless it never becomes equal 
to zero, which is approached only as a limit as r becomes infinite. 
In s states the density has its largest value in the immediate 
neighborhood of the nucleus and drops off symmetrically in all 
directions. In p states it is highest at two points on opposite 
sides of the nucleus and distant 1a or so from it; it is relatively 
high along the direction defined by these points and zero in a 
plane through the nucleus perpendicular to this direction. In 
p states, therefore, the electron, or rather its most probable 
position, has a well-defined direction in space. 

Atomic Structures. — The mathematical difiSculties encountered 
in integrating the Schrodinger equation increase rapidly when 
the number of particles involved exceeds the two, electron 
and nucleus, present in hydrogen. It has nevertheless been 
possible to account for the periodic system of the elements on the 
assumption that each electron in a many-electron atom can be 
assigned to a wave function or orbital of approximately the same 
sort as those described in equations (4) to (8) and that only two 
electrons can be assigned to any one orbital. These two are 
affected in opposite ways by a magnetic field and are said to 
have opposite spins because a spinning of the electron about an 
axis would lend it the property of reacting with a magnetic field. 
This limitation on the number of electrons permitted to an 
orbital is called the Pauli exclusion principle. In the case of the 
carbon atom, for example, it operates in the sense that there are 
two electrons in the Is orbital, two in the 2s, and two in two of 
the three possible 2p orbitals. The Is electrons are so firmly 
bound and their average position is so close to the nucleus and 
so completely shielded by the less firmly bound 2s and 2p elec- 
trons that only the latter, which are called the valence eledronsj 
are involved appreciably in the chemical reactions of the atom. ^ 
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An atomic system in which all the orbitals of a particular kind 
are occupied has a marked stability, which is especially pro- 
nounced when the 5 and p orbitals of a given quantum number 
are completely filled. This property is exemplified both by the 
chemical inertness of the rare gases and by the great reactivity 
of the alkalies and the halogens. A helium atom po‘ssesses two 
electrons which just suffice to fill the Is orbital. Because of the 
stability corresponding to this jilled shellj the amount of energy 
required to remove one of the electrons is greater than that which 
can be furnished by attaching it to another atom, and the amount 
of energy that would be set free by adding a third electron in 
the 2s orbital is so small that it does not suffice to remove an 
electron from another atom. A similar inertness appears in 
neon, in which all Is, 2s, and 2p orbitals are filled, and in the other 
rare gases. A sodium atom has one more electron than a neon 
atom, which must be in a 3s orbital, where it is only weakly held; 
a fluorine atom has one less electron than a neon atom, and the 
addition of an electron liberates considerable energy through the 
formation of the stable filled shell. Consequently, a sodium 
atom and a fluorine atom may react by transfer of an electron 

Na + F Na+ + F- (I) 

with the evolution of a large amount of energy. Both the ions 
produced have the same stable electron configuration as neon. 
In the same way, the bivalence of magnesium may be attributed 
to the ease with which its two 3s electrons are lost to form Mg++, 
which has the neon configuration, and that of sulfur to the 
stability of the argon configuration, which results when two 
electrons are added to form sulfide ion, S”. 

Electron Distributions in Molecules : The Hydrogen Molecule. 
It is known from the study of electrical discharges in hydrogen 
that a system of two hydrogen nuclei and one electron, the 
hydrogen molecule ion H 2 +, is stable in the sense that it does not 
fly apart, although it does have considerable tendency to capture 
an electron with the formation of neutral hydrogen, H 2 . For 
this system an exact integration of the Schrodinger equation is 
still possible. The electron distribution that results is repre- 
sented in Fig. 6 by a contour diagram on a plane through the two 
nuclei. The distribution in a plane perpendicular to the axis 
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joining the nuclei shows a high density at the axis, which drops 
off equally in all directions. Because of this symmetry the state 
represented, which is the most stable state of the system, is 
analogous to the Is state of a hydrogen atom. Its most charac- 
teristic features are the concentration of the electron along the 
line joining the nuclei and the radial symmetry. 

Calculation of the energy of this system and comparison with 
that of a hydrogen atom show that the process 

(II) 

must require an energy of 60.84 kg.-cal., which is in close agree- 
ment with experiment. Since the two nuclei would fly apart 
in the absence of the electron, it is proper to say that the electron 



Fig. 1-6. — contours for, the hydrogen molecule ion, Ha+j according to Burrau. 


holds the nuclei together and that, being shared between them, 
it serves as a bond. 

The neutral hydrogen molecule, with its two electrons, is a 
more diflhcult system with which to deal, and it has not been 
possible to construct a diagram of the kind shown in Fig. 5. 
The energy of the most stable state has, however, been cal- 
culated by a laborious process of successive approximations 
which leads to the result that the process 

H2-^2H (HI) 

requires 102.69 kg.-cal., in excellent agreement with experiment. 
That is, two electrons, provided that they have opposite spins, 
can be shared between two nuclei in such a way as to produce a 
bonding which is materially stronger than that produced by one 
shared electron. It is reasonable to suppose that the bonding 
electrons concentrate in the region between the nuclei, somewhat 
in the same fashion as the single electron of Fig. 6. 
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A most important property of this analysis is the conclusion, 
that a hydrogen atom which is already combined with another 
hydrogen atom repels rather than attracts and combines with 
other atoms. This fact provides an explanation of and a 

mechanism for the phenomena re- 
ferred to in the statement that the 
valence of hydrogen is 1. These 
phenomena are so familiar to the 
chemist that it is diflSicult for him 
to realize how serious a problem it 
has been to reconcile them with a 
physical picture of the atom. Ordi- 
nary physical forces do not exhibit 
the saturation characteristic of 
chemical valence. Thus a posi- 
tively charged body like a sodium 
ion attracts negatively charged 
bodies like a chloride ion, but the 
mere fact that a sodium ion has already attracted one chloride 
ion does not prevent it from attracting others. 

If one slightly simplifies the situation by picturing the sodium 
and chloride ions as rigid spheres with the charges concentrated 
at the centers, the energy of formation of a sodium chloride 
molecule is given by 

' • -^1= -7 ■ (10) 

with r the distance between centers of the ions. If two such 
molecules ,are brought together to form the structure shown in 
Fig. 6, the energy of the resulting system is found, by summing 
the interactions of the individual ions, to be 

■ - = -4 ""-'4 ( 11 ) 

Consequently^ the combination of two sodium chloride molecules 
to form the polymer sets free an amount of energy which is 
59 per cent ,as large as that liberated in the combination of one 
sodium ion-'^d one chloride ion to form a molecule of NaCl. 
Because of the simplification of the model, the result is only 



1-6. — The configuration of a 
hypothetical NaaCla molecule. 
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approximate, but there can be no doubt of the qualitative con- 
clusion that two sodium chloride molecules must cling together. 
A continuation of this calculation accounts for the stability of 
crystalline sodium chloride in which each sodium ion has as 
equidistant nearest neighbors not merely two but six chloride 
ions. 

Two hydrogen molecules, on the other hand, attract each other 
only by virtue of the very weak forces, generally called van 
der Waals’ forces, which act between all molecules and atoms, 
even those of the inert gases. A rough measure of the difference 
in strength between the van der Waals’ forces and the valence 
forces may be derived from a comparison of the temperature, 
20.4°k, required to separate the molecules of hydrogen from each 
other by boiling the liquid with that necessary to produce 
appreciable dissociation of the molecule into atoms, which is 
about 2000®k. 

More Complicated Molecules : The Lewis Valence Theory. — 

It has not been possible to determine the energies, much less the 
electron distributions, of more complicated structures than H 2 
by the way of exact and rigid mathematical reasoning from the 
Schrodinger equation. Nevertheless it has been shown by 
Heitler, London, Slater, and Pauling that it is at least consistent 
with the requirements of the equation to suppose that all valence 
links in saturated chenodcal compounds are of much the same 
nature as that between the two hydrogen atoms in H 2 . This 
hypothesis goes far to explain and correlate chemical valence 
theory or, more exactly, to justify theoretically and lend definite- 
ness and piiecision to a set of rules formulated by G. N. Lewis 
in 1916. Lewis observed empirically that almost all the facts of 
chemical valence can be interpreted if one supposes that each 
valence link is formed by a pair of electrons shared between the 
linked atoms and that in nearly all stable molecules the total 
number of valence electrons, whether shared or unshared, 
assignable to' each atom has a definite value characteristic of the 
element. This is 2 for hydrogen, 8 for the lighter elements up to 
chlorine, and 8, 12, or 16 for the heavier ones. For the lighter 
elements these numbers are identical with the number of elec- 
trons in the outer shell of the next heavier inert gas; conse- 
quently, one may state Lewis^ rule in the foUowing form: The 
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atoms of the lighter elements tend strongly to attain a rare-gas 
configuration, by loss, by gain, or by sharing of electrons. 

In the quantum mechanical interpretation the bond is due to 
two electrons of opposite spin, which are concentrated sym- 
metrically about the line joining the nuclei of the atoms that 
they bond. They are not however definitely fixed in position, 
the axis of the link being merely the most probable position. 
A carbon atom with its four valence electrons may form elec- 
tron-pair bonds with four hydrogen atoms, each of which con- 
tributes one electron. The electrons in each pair lie, to a large 
extent, in the neighborhood of the line joining the carbon atom 
to the particular hydrogen atom that they bond. The total eight 
electrons satisfy the tendency of carbon to hold eight valence 
electrons and, simultaneously, that of each hydrogen to hold two. 
Any further electrons must therefore be very weakly bound. 
Consequently, methane has no measurable tendency to share 
electrons with other atoms and molecules and is a highly satu- 
rated substance. The formula may be written 
H H 


H:C:H 

H 


or 




H-C- H 

I 

H 


In the first case each dot represents a valence electron, in the 
second each dash represents a valence bond and is to be under- 
stood as symbolizing a pair of shared electrons; in both cases 
the symbol represents a concentration, not a fixation, of the 
electrons. 

A nitrogen atom carries five valence electrons. When it has 
reacted with three hydrogen atoms, each with one electron, the 
total number of valence electrons reaches eight: then the nitrogen 
atom has attained its full quota of electrons and can react with 
no more hydrogen atoms. Of the eight electrons, six are shared 
with hydrogen atoms; the other two, which are sometimes called 
a lone fair, are unshared. The formula is 


H 

H:N: 

H 


or 


(B) 


H 

H- N» 

I 

H 
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The first symbol is obvious ; in the second each dash still represents 
a pair of electrons, shared or unshared (page 25). Although 
ammonia is saturated with respect to hydrogen atoms, it is not 
with respect to hydrogen ions, which are bare protons. Attach- 
ment of a proton to the unshared pair leads to the completely 
saturated ammonium ion (C) 


H - 1 + 

H 

r H 1 

H- N- H 

* 0 - H 

X 

1 

■O' 

1 

X 
1 

H 



(C) 


(B) 


Similar consideration applied to oxygen leads to the structures 
(D) and {E) for water and oxonium ion, respectively. In prin- 
ciple an ion OH 4 '^+ should be possible, but its formation would 
require an extraordinarily high and, in fact, unattainable acidity. 
In the presence of water, for instance, the reaction 

OH4++ + H2O 2OH3+ (IV) 

would go practically to completion. 

Some more or less empirical properties of the valence link 
may be added to the picture. The direction in space of the four 
electron pairs, or rather of their most probable positions, is that 
of the vertices of a tetrahedron. The tetrahedral arrangement 
of the carbon valences and of the four nitrogen valences in 
derivatives of ammonium ion is familiar from stereochemical 
grounds; it has been confirmed by a wide variety of physical 
methods. That approximately the same arrangement persists 
when some of the electron pairs are unshared appears from the 
thoroughly demonstrated dissymmetry of ammonia and water. 
Dipole moment, specific heat, and absorption spectrum unite in 
demonstrating that the oxygen nucleus does not lie on the line 
joining the two hydrogen nuclei. Similar evidence indicates 
that the three hydrogen nuclei in ammonia form an equilateral 
triangle with the nitrogen atom lying perpendicularly above the 
center of the triangle and definitely out of its plane. These are 
the configurations to be expected if two or three of the vertices 
of the tetrahedron carry hydrogen atoms and the others lone 
pairs. 
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Because the electronic distribution is radially symmetrical 
about the axis of the bond (page 11), no disturbance results 
and no expenditure of work is necessary when one atom is 
rotated with respect to the other. Thus in ethane one CHs 
group may be rotated about the C — C link so easily that isomers 
differing in the relative orientation of the groups do not exist. 
The picture permits, therefore, the free rotation about the 
saturated bond which is required by the chemical facts. The 
rotation is however not entirely free, probably because of repul- 
sions between the hydrogen atoms, and this leads to effects observ- 
able in the behavior of the specific heats at low temperatures.^ 

Unsaturated Compounds : The Hiickel Treatment. — With 
unsaturated compounds the chemical facts themselves do not 
permit the assumption of definite, indivisible, and saturable 
valences. The failure of these concepts is indicated by the 
necessity of introducing such ideas as the partial valence of 
Thiele. The formula CH 2 =CH — CH=CH 2 is an unsatisfactory 
one for butadiene with its capacity for 1,4 addition, and no 
satisfactory valence-bond picture has ever been written for 
benzene. Naturally the quantum mechanical picture of the 
saturated valence leads to no advance. 

One possible attack^ starts from an approximate quantum 
mechanical demonstration that a carbon atom attached to three 
instead of the usual four atoms, and carrying therefore a single 
unshared or odd electron, is in its most stable state when it lies 
at the center of a triangle formed by the three atoms to which 
it is linked and in the same plane with them. Because of the 
odd electron the structure is strongly unsaturated although 
stable. This corresponds to the known properties of the methyl 
radical which does not break down into smaller fragments but 
does have a large tendency to associate to valence-saturated com- 
pounds like ethane. The probability density of the odd electron 
has a maximum value along a line perpendicular to the plane of 
the atoms and is zero in the plane; in fact it is much like that for 
the hydrogen 2p electron shown in Fig. 4. Electrons of this 

® Kistiakowski, Lacker, and Still, J, Chem. Phys.^ 6, 407 (1938). 

* E. Hiickel has given an excellent review of these ideas, which are largely 
due to his work, Z, Elektrochem.y 43, 752; 827 (1937). 
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kind may very suitably be called unsaturation electrons f they 
have also been called electrons of the second kind.^ 

When two atoms each carrying an unsaturation electron 
are linked together by an ordinary electron-pair bond, the two 
unsaturation electrons interact in such a way as to still further 
stabilize the structure. They may therefore be said to form a 
second shared pair, which helps to bind the atoms together; 
but the binding is less firm than that due to the ordinary bond, 





!Fia. 1-7. — contours of tlie unsaturation electrons in ethylene.-* 


and the nature of the electronic distribution is very different. 
Electron density contours for the unsaturation electrons in 
ethylene, the type compound of this sort, are shown in Fig. 7. 
The plane of the diagram is perpendicular to the one that con- 
tains the hydrogen and carbon nuclei. Instead of being con- 
centrated between the nuclei that they link, these unsaturatibn 
electrons lie chiefly above and below the plane of the molecule 
and have a zero density in that plane. 

This picture is in excellent agreement with the properties of 
olefinic compounds. The best estimate, none too reliable it must 


® Mulliken, /. Chem. Phys., 7, 339 (1939). 
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be admitted,® of the work required to rupture a carbon-carbon 
single bond is 84.1 kg.-cal. and of that required to rupture the 
double bond 151.2. The difference, 67.1 kg.-cal., may be taken 
approximately as the binding energy due to the unsaturation 
electrons. The increased firmness of binding is even more 
directly evidenced by the internuclear distances. Two carbon 
atoms joined by a single bond show a distance between nuclei 
of 1.64a. The corresponding distance in ethylene is 1.34a. 
Because of the concentration of the unsaturation electrons in the 
region above and below the plane of the nuclei, rotation of one 
CH 2 group about the line joining the two carbon atoms sets up a 
new, less stable electron distribution and requires the expenditure 
of considerable work. This fact accounts for the existence of 
ais and trans isomers. The characteristic chemical unsaturation 
of olefins may be attributed to the way in which the unsaturation 
electrons spread out in space, ready to capture other atoms ; the 
high refractivity may be accounted for by the weaker binding 
of these electrons, which are more easily displaced in the electro- 
magnetic field of a light wave; and the absorption of light in the 
ultraviolet (page 60) to much the same reason. 

The most important property of substances containing unsatu- 
ration electrons is the lack of definite integral valences. ' When 
three or four or more carbon atoms carrying electrons of this kind 
are linked in a chain, they do not interact in the way suggested 
by the formula CH 2 =CH — CH=CH 2 . Rather the unsatur- 
ation electrons on each carbon interact with those on its neighbors 
in the way suggested by the formula CH 2 =CH— CH— CH 2 . 

One of the methods^ which has been used to approach the 
theory of such a system, called the method of molecular orbitalSy 
abandons entirely the attempt to localize the unsaturation elec- 
trons in particular valence links. Instead, it considers how 
these electrons may be added to a structure composed of the 
nuclei and the electrons that form the saturated bonds in the 
same way that the theory of many-electron atoms approaches 
the problem of adding electrons to a single nucleus. It then 
appears that there is a series of molecular orbitals of increasing 
energy into each of which two electrons of opposite spin may be 

« Pauling and Shbbman, J. Chem. Phys., 1, 606 (1933). Kist5akowsxi, 
/. Phy^. Chem,, 41, 176 (1937). 
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put. These are analogous to the Is, 2s, 2p, etc., orbitals of the 
atomic problem. In both cases certain preferred numbers of 
electrons, which just suffice to fill all the orbitals of a given kind, 
confer an especial stability on the system. The relative unreac- 
tivity of conjugated double-bond systems, and especially that of 
aromatic compounds, comes out of this treatment as a phe- 
nomenon closely related to the inertness of the rare gases. In 
general, any even number of unsaturation electrons yields a more 
stable system than the adjacent odd ones, chieflly because two 
electrons of opposite spin suffice to fiU each orbital. In this way, 
one accounts for the fact that butadiene with four unsaturation 
electrons is less prone to polymerization than the allyl radical 
which has three. 

The detailed analysis by this method indicates that the four 
unsaturation electrons in butadiene are spread out over all four 
carbon atoms and occupy two of the orbitals of the molecule. 
The two electrons in the orbital of lowest energy act to hold aU 
the carbons together and to resist rotation about any of the 
linkages; the other two link the end pairs but weaken the linkage 
of the middle pair. The net effect is a molecule in which all the 
carbons are bound by linkages that are intermediate in strength 
between single and double bonds and that possess the property of 
resisting rotation. It is to be expected that the linkage between 
the two middle carbon atoms should be weaker than the end 
linkages, the distance between the atoms should be greater, and 
the resistance to rotation weaker. 

In benzene there are six unsaturation electrons, and the carbon 
and hydrogen atoms lie in a plane with all valence angles equal 
to 120 deg. The quantum mechanical treatment shows that, in 
ring systems in a plane, a group of six electrons makes up a 
filled shell of great stability, thus accounting for the relative 
saturation of benzene. In cyclobutadiene and cyclooctatetraene 
there are too few or too many electrons to yield this filled-shell 
stability. In addition, these rings can be built up only by a 
considerable distortion either of flhe normal 120-deg. valence 
angle or of the planar configuration, both of which are required in 
atojns bound by unsaturation electrons. 

The Pauling Treatment: Resonance. — ^Another method of 
attack on the problem of unsaturated and aromatic compounds 
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makes use of a concept that is called resonance in quantum 
mechanical theory. The concept appears even in so simple a 
case as that of H2"^ when the attempt is made to obtain an 
expression of the wave function by a method of successive 
approximations. If one represents the two hydrogen nuclei by 
and respectively, a reasonable first approximation 

might be to suppose that H2'^ behaves like an assembly of nucleus 
with atom and to consider how the known wave function 
of the latter is affected by the proximity of the former. But one 
could equally well start with the assumption that it behaves like 
an assembly of nucleus with atom Ha. If the wave functions 
based upon these two assumptions be and ^5, respectively, 
then some combination xypa + y^h must be a better approxima- 
tion to the real wave function than either \pa or alone, and one 
can proceed to the determination of the values of x and y which 
best fit the Schrodinger equation. This approach has led to 
excellent results in many problems of atomic and molecular 
structure. When this method can be applied, the system is said 
to resonate between the structures represented by Ha”^ -h 
and by + Ha, and the actual state of the system is said to 
be a resonance hybrid of these structures. 

By generalizing this result it may be shown that, whenever 
two or more structures of not too different energy may be taken 
as first approximations to the true electronic distribution, the 
actual wave function may to a considerably better approximation 
be represented as a superposition, a linear combination, of the 
wave functions representing those structures. The system is 
then said to resonate between the structures and to be a resonance 
hybrid of them. 

The detailed mathematical analysis brings out the perhaps 
unexpected but certainly not unreasonable result that the actual 
energy of the system is less than that of any of the resonating 
structures. Consequently, the actual system shows a greater 
stability and a lower reactivity than would be expected from any 
of the resonating structures. ^ The difference in energy between 
the actual system and that predicted for one of the resonating 
structures is called the resonance energy. It is largest and the 
resulting stabilization most effective when the resonating struc- 
tures are of equal energy. When one of the structures is of mate- 
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rially lower energy than the others, the actual state approaches 
closely to that represented by the structure of lowest energy, 
and the resonance hybrid is said to contain only a minor con- 
tribution from the structures of higher energy. In general, 
the properties of the actual state, other than the energy, will 
resemble each of the resonating structures in proportion to the 
contribution that it makes to the actual wave function. 

There is an important limitation on the resonating structures 
in that they must be independent. This means that it must 
not be possible to derive one of them by superposition of the 
others. 


Table I. — Heats op Hydrogenation and op Bromination in the Gas 

State at 82 ®c 

AH in kilogram-calories for the addition of one mole of hydrogen or 
bromine^ 


Substance 


Ethylene 

Propylene 

1-Butene 

1-Heptene 

i-Butylethylene 

Gs-Dimethylethylene 

s-Dimethylethylene, tram. 
s-Dimethylethylene, as. . . 

Trimethylethylene 

Tetramethylethylene 

Cyclopentene 

Cyclohexene 

AUene 

Butadiene 


Ha 

Br2 

Substance 

Ha 

-32.8 

-29.058 

2, 3-Dimethylbuta- 


-30.1 

-29.412 

diene 

-27.3 

-30.3 

-29.585 

Cyclohexadiene 

-26.8 

-30.1 


Cyclopentadiene 

-24.0 

-30.3 


Phenylethylene 

-28.6 

-28.4 


Benzene 

+ 5.6 

-27.6 

-29.075 

Ethylbenzene 

+ 6.5 

-28.6 

-30.177 

Mesitylene 

+ 5.9 

-26.9 

-30.398 

o-Xylene 

+ 8.1 

-26.6 


Vinyl acetate 

-31.1 

-26.9 


Crotonaldehyde 

-25.2 

-28.6 


2-Ethoxypropene 

-25.1 

-41.2 


Acetone 

-13.4 

-29.6 


Methylethylketone. . . 

-13.2 



Allyl alcohol 

-31.5 



Ethyl vinyl ether 

-26.7 



Acetaldehyde 

-16.75 


By the resonance approximation, butadiene is a hybrid of the 
structures CHs^CH— CH==CH2 and •CH2— CH=CH— CH2-, 
the dots representing unpaired electrons. Since the second 

7 Conant and Kistiakowsei, Chem. Rev., 20, 181 (1937). Conn, 
Kistiakowbki, and Smith, J. Am. Chem. Soc., 60, 2764 (1938). Dollivbr, 
Gresham, Kistiakowski, Smith, and Vaughan, {bid., 60, 440 (1938). 
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structure with its odd electrons has a higher energy than the first, 
the actual state resembles the first structure more than the 
latter. Consequently, the middle linkage should have less 
double-bond character in terms of interatomic distance and 
freedom of rotation than the end ones. Because of the resonance 
energy, greater amounts of energy of reaction or of activation 
should be necessary in the case of butadiene than in that of 
ethylene, f.e., the diene should be less unsaturated. These 
conclusions are identical with those obtained by the method of 
molecular orbitals and are consistent with the properties of 
the substance. 

Benzene is a hybrid of the two KekuM structures (F) and (G) 
in equal amounts, together with a considerably smaller con- 
tribution from the three Dewar structures (H), (I), and (J) 



Its relative saturation is accounted for by the large resonance 
energy that appears when two structures are of equal energy. 

Resonance and Heats of Addition Reactions. — Since the addi- 
tion of hydrogen, bromine, or the like destroys the resonance in a 
system of conjugated double bonds, the reaction can occur only 
if the resonance energy is supplied. Although a heat of reaction 
must be used with caution as a measure of resonance energy, 
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which is a potential energy quantity (page 77), the effect is so 
large in the case of benzene derivatives as to be unmistakable. 
As the data in Table I show, the amount of heat liberated in the 
addition of one mole of hydrogen to a hydrocarbon with a single 
double bond varies from 32.8 to 26.6 kg.-caL, whereas the addition 
of one mole of hydrogen to a benzene hydrocarbon requires the 
absorption of 6 to 8 kg.-cal. The resonance energy of benzene is 
actually greater than the quantity of energy set free by the 
addition of hydrogen to the double bond so that the sign of the 
heat of reaction reverses. 

In the case of butadiene the resonance energy is so small that 
it is masked by structural factors. 

Resonance and Interatomic Distances. — ^When, as a result of 
resonance, linkages are intermediate in character between single 
and double bonds, the length of the link is also intermediate. 
The internuclear distances involved have been determined in a 
variety of ways, notably from X-ray diffraction in crystals, 
from X-ray and electron diffraction in gases, and from infrared, 
Raman, and band spectra.^ The results of the different methods 
are consistent and show that the length of a particular kind of 
linkage is very constant. Within the experimental error of 
0.03a the length of a carbon-carbon single bond has the constant 
value of 1.54a in diamond, ethane, propane, f-butane, neopen- 
tane, cyclopentane, cyclohexane, f-butene, tetramethylethylene, 
mesitylene, and hexamethylbenzene. The length of the double 
bond is 1.34a in ethylene and allene; that of a triple bond 1.20a 
in acetylene. The hybrid bonds in benzene have the inter- 
mediate length of 1.39a, in naphthalene and anthracene 1,41a. 
In graphite, which consists of layers of a practically infinite 
number of condensed benzene rings [structure (iQ] with weak 
van der Waals' binding between layers and which is the limiting 
case of an infinitely extended pol 3 niuclear aromatic hydrocarbon, 
the carbon-carbon distance is 1.42a. In cyclopentadiene (L) the 
bond marked with a star has a length of 1.46a, showing as 
predicted (page 21) a relatively large proportion of single-bond 

8 (a) Earlier data are given in Stuart, ** MolektSlstruktur,'' Berlin, 1934; 
(&) later electron diffraction measurements, by Pauling, Brockway, and 
Beach, J, Am. Chem. Soc.^ 67, 2705 (1935); Pauling and Brockway, ibid., 
69, 1223 (1937). The theory is due to Pauding et cd. 
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character. Similarly, the link between the two rings in biphenyl 
has a length of 1.48a and the central link in N=C — C^N and 
in HCsC — C=CH one of 1.43a. The carbon-carbon link in 
carbon suboxide {M) 

'0«C = C=C = 0' < — > «05C-CsC- 5' — > iQ-CsC-CsO* 

{M) 

which resonates between doubly and triply bonded structures 
shows an appropriate length, 1.30 a. 



Fig. 1-8. — Interatomic distance and double-bond character.®^ 


The bonds in benzene may be said®* to have one-half double- 
bond character, since the principal resonating structures are the 
two Kekul6 ones {F) and ((?). Any carbon-carbon bond is a 
single bond in one of these and a double bond in the other, and 
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the two structures contribute equally to the actual state of the 
system. In graphite each bond has, by the same reasoning, one- 
third double-bond character. A plot of carbon-carbon distance 
against fraction of double-bond character may therefore be set 
up as in Fig. 8. The scantier data available for carbon-oxygen, 
carbon-nitrogen, and nitrogen-oxygen bonds fit curves of similar 
shape. 

• From interpolation on these curves one may then estimate the 
fraction of double-bond character in unknown cases from the 
measured interatomic distances. Thus the bond previously 
referred to in cyclopentadiene has 20 per cent double-bond 
character, as does the internuclear bond in biphenyl. The 
carbon-nitrogen bond in urea is thus estimated®^ to have 28 per 
cent double-bond character. This value is not far from the 
33 per cent that it would have if the three structures (iV), (0), 


NHa 

NHs 

NHs 

✓ 

- ^ 


o 

II 

o 

< 0 - c 

*6* c 

“ \ 

- \ 


NHs 

NHj 

NHs 

(iV)' 

(0)’ 

(P) 


and (P) were equally important. 

A more complete theoretical treatment® leads to a quantity 
called the order of a bond. This order is 1 for a single bond, 2 
for a double bond, 3 for a triple bond, 1.623 for benzene, and 
1.45 for graphite. 

Symbols. — ^Although no symbolism can completely represent 
the finer details of these ideas of structure and valence, some 
alterations in the classical structural formulas are well worth 
while. Since each valence bond depends upon a pair of elec- 
trons, it is unnecessary^® to replace the dash, which is the tradi- 
tional symbol for the bond, by another representation, such as 
two dots for the two shared electrons; all that is necessary is to 
understand that the dash means a pair of electrons. For an 
unshared pair one avoids confusion with the old symbol for a free 
valence by writing the dash parallel, rather than perpendicular, 
to the symbol of the atom. Formulas (A) to' (E) are of this 

» Pbnott, Proc. Roy, Soc. (London), A158, 306 (1937). 

10 Eistbrt, Her,, 71B, 237 (1938). 



26 


PHYSICAL ORGANIC CHEMISTRY 


type as are the following structures for methanol (Q), methyl 
amine (B), and methyl iodide (S) : 


H 

H- C- O- H 

I “ 

H 

(Q) 


H 

H 

H 

1 

H- C- N- H 

H- C-J' 

■ o - 
1 

I 

H H 

H 

H 

{B) 

(^) 

(D 


An odd or unpaired electron may be represented by a dot, which 
giTCS the methyl radical the symbol (T). 

An unconjugated double bond may be represented by its 
classical formula without attempting to indicate the difference 
in the nature of the two links making up the double bond. Two 
alternative methods may be used with a conjugated system. 
In the light of the Hiickel treatment, dotted lines may be (kawn 
to indicate the interaction of the unsaturation electrons as in the 
symbols (U) and (V). Or one may write the symbols for the 
resonating structures with a double-pointed arrow between 


H H 

c-‘c-’c-‘c 

I t I I 

H H H H 

(U) 

them^^ as in (W). 


H 

H C 





H C 
H 

iV) 


H 


H 


H H H H 

I II I 

C ® C C * C ( ■ > *0 " C = C " c* 

I I I I till 


HHHH HHHH 

(W) 


Abbreviations of an obvious sort are almost inevitable, e.g.y 
HgC — 0 — for methanol, HsC* for the methyl radical. 

Contrast between Resonance and Tautomerism, — The reso- 
nance idea must not be confused with that of tautomerism. The 


“Bxtrt, /. Am. Chem. Soc., 67, 2115 (1935). Eistebt, Angeuo. Chent.^ 
49 , 33 (1936). 
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resonance picture does not at all imply that benzene oscillates 
or tautomerizes between the two KekaU structures with the 
bonds slapping back and forth like some mechanical apparatus. 
One can in no sense account for the stability and relative unsatu- 
ration of benzene by supposing that it is a mixture in mobile 
equilibrium of the forms represented by the resonating struc- 
tures. The mixture, like its components, must show the char- 
acteristic properties of olefinic substances. The essential fea- 
ture of the resonance idea is that of a state intermediate between 
those represented by the resonating structures, a state to the 
properties of which one can make a useful first approximation by 
combining the properties of the latter, but which possesses in 
addition its own distinctive properties, notably the resonance 
energy that stabilizes and decreases the reactivity of the system. 
The idea of an intermediate state, called a Zwischenzustand^^ or 
the mesomeric state , had appeared in organic chemical theory 
before the quantum mechanical resonance method was applied; 
it is only through Pauling^s application of this method that the 
stability, which is the most striking property of resonating 
systems, has been accounted for. 

Restricted Rotation in Bonds of Mixed Type. — notable 
verification of the predicted properties of resonating systems 
has appeared^^ in connection with the infrared light absorption 
of phenols. These have a characteristic absorption^® in a region 
of wave length in which for various reasons it is believed that the 
absorption depends upon vibrations of the phenolic hydrogen 
to and from the oxygen to which it is linked. Phenol shows one 
absorption band at 7050 cm.”^, 2,4,6-trichlorphenol one at 
6890, but o-chlorphenol absorbs at two frequencies, 7050 and 
6910. These phenomena may be interpreted as follows In 
addition to the various structures of the benzene ring, a reso- 
nance is possible in phenol which involves the unshared electrons 
on the oxygen atom. Some of the structures involved are shown 
in (X) to (Z). (X) is the classical formula; (7) may be con- 

structed from it by the formation of a double bond between the 

^ Abndt and Eisteet, Z. physik, Chem,, B81, 125 (1936). 

wInqold, Chem. Rev., 16, 225 (1934). 

Paitling, J. Am. Chem. Soc., 68, 94 (1936). 

“ WuLF and Liddel, J. Am. Chem. Soc., 67, 1464 (1935). 
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oxygen and its adjacent ring carbon. This uses an unshared 
pair on the oxygen and, consequently, sets free as an unshared 
pair on the ortho carbon atom the unsaturation electrons previ- 
ously involved in forming the double bond in the ortho position. 
A similar operation on the other Kekul6 structure puts the un- 
shared pair on the other ortho carbon; a repetition of the process 
puts it on the para carbon as in (Z). There is, however, no way 
by which the unshared pair may reach the meta carbons. 

There is therefore a significant proportion of double-bond 
character in the carbon-oxygen link, and this restricts the freedom 
of rotation and tends to hold the phenolic hydrogen in the plane 
of the ring. Since two groups attached to oxygen do not lie in 
a straight line (pages 15, 33), it may be directed up as shown in 
(X) to {Z) or down. This makes no difference in phenol or in 
trichlorphenol, since the two directions are identical; the lower 
frequency in the latter case indicates that proximity to chlorine 
slows down the vibrations of the hydrogen. In o-chlorphenol, 
however, two kinds of molecule are possible, one with the phenolic 
hydrogen pointing toward chlorine, the other with the hydrogen 
pointing toward the other side of the ring. The former might 
be expected to absorb at the same frequency as trichlorphenol^ 
the latter at that of phenol. The frequencies of the double 
absorption of o-chlorphenol correspond closely to this prediction. 
The same effects have been observed in a number of other phenol 
derivatives.^® 

Resonance and the Reactivity of Halogen. — In vinyl chloride 
the unshared electrons on the halogen permit a resonance by 
virtue of which the carbon-chlorine linkage attains a certain 
proportion of double-bond character and the chlorine becomes 
more firmly bound than when it is attached to saturated carbon.®^ 

WuLP, Liddbl, and Hbndkicks, /. Am. Chem. Soc., 6S, 2287 (1936). 
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The existence of this effect is clearly demonstrated by the short- 
ened bond lengths shown in Table II. The theory is further 
supported by the fact that the shortening is less apparent and 
the percentage of double-bond character smaller in those chlo- 
rinated ethylenes which contain the largest numbers of chlorines, 


Table II. — ^Interatomic Distances and Bond Types op Carbon- 
chlorine Bonds^^'I'^'Is 


Molecule 

C~C1 

dis- 

tance, 

A 

% 

double 

bond 

Molecule 

C — Cl 
dis- 
tance, 
A 

% 

double 

bond 

GCL 

1.74 

0 

COCI 2 

1.68 

17 

CHCla 

1.77 

0 

CSCI 2 

1.70 

12 

CHaCia 

1.77 

0 

CfiCle 

1.70 

12 

CHs=CHCl 

1.69 

14 

CeHsCl 

1.69 


CH2=CCl2 

1.69 

14 

p-CjH.Cls 

1.69 


CHC1=CHC1 ds 

1.67 

20 

m-C6H4Cl2 

1.69 


CHCl— CHCl trana 

1.69 

14 

1,3,5-C6H3C13 

1.69 


CHCl=CCl2 

1.71 

10 

o-CeHiCla 

1.71 


C 2 CI 4 

1.73 

6 

l,2,4,6-C.HjCl4. . . . 

1.72 



Each additional halogen introduces a new possibility of resonance 
and decreases thereby the proportion of any given structure in 
the combination; thus in tetrachlorethylene there are five struc- 
tures, and any given chlorine is double bonded in only one of 
them. The examples of phosgene and thiophosgene show that 
the same bond shortening appears when halogen is linked to a 
carbon that is doubly linked to oxygen or bound to sulfur. 

Triphenylmethyl. — The problem of the stability of triphenyl- 
methyl has been attacked with notable success by similar 
methods.^*^®'^ The classical structure for the substance is 

Brocxwat and Palmer, J. Am. Chem. Soc.^ 69, 2181 (1937). 

“ db Lazlo, Proc. Roy. Soc. (London), A146, 690 (1934). 

HtJcKBL, Z. Phydkf 83, 632 (1933). 

Pauling and Whbland, J. Chem. Phya., 1, 362 (1933); 2, 482 (1934). 
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(BJ5) combined, of course, with the usual resonating structures 
of the benzene rings. The odd electron is represented by the 
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dot on the central carbon atom. But the structure represented 
by (CC) is an obvious alternative. This carries the odd electron 
on an ortho carbon atom of the right-hand ring and can be 
thought of as formed by the rupture of the double bond which 
links this atom in (BB) in such a way that one electron remains 
on the ortho carbon while the other unites with the odd electron 
on the central carbon to form a new double link. There are in 
all six equivalent structures with the odd electron on an ortho 
carbon atom and three structures with it on a para carbon, 
formed by a repetition of the electron shift. 
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The effect is to spread out over the whole molecule the odd 
electron, which in a methyl radical or in its saturated derivatives 
is concentrated on one carbon atom, and to stabilize the structure 
by virtue of the resonance energy. The relatively small tendency 
of triphenylmethyl to associate to the ethane derivative is easily 
accounted for either in terms of the stabilization of the radical 
or in terms of the diffusion of the odd electron, which must be 
concentrated on the methyl carbon in order to form the ethane 
bond. 

This interpretation of the triphenylmethyl problem is sup- 
ported by the decreased tendency toward association exhibited by 
triphenylmethyl derivatives in which biphenyl or naphthyl 
groups have been substituted 
for phenyl. These offer a much 
larger volume through which 
the odd electron may be diffused 
and a greater stabilization by 
virtue of the greater number of 
resonating structures. Thus in 
the biphenyl group one may set 
up resonating structures with 
the odd electron on the ortho 
and para positions of the second 
phenyl as well as on those of the 
first. The existing evidence 
on the degree of dissociation of 
various hexaphenylethane derivatives is at least qualitatively in 
agreement with the predictions that may be derived from the 
mathematical development of this point of view.^*^ 

The Interaction of Atoms: Covalent Radii: Bond Angles.^ 
Two atoms that can unite by sharing electrons to form a stable 
compound interact in a way which is shown schematically in 
Fig. 9. The abscissa r represents the distance between centers 
of the atoms and the ordinate <j> the potential energy of the sys- 
tem reckoned from a zero value at infinite separation. As the 
atoms are brought together, the energy decreases at first, goes 
through a minimum, then increases rapidly. Meanwhile, the 
slope d<;>/dr, which measures the force of attraction, increases at 
first, then decreases and becomes zero at the minimum of the 



Fia. 1-9. — A typical plot of energy 
against interatomic distance. 
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energy curve. The distance at which the energy is a minimum 
and the force zero is the average intemuclear distance of the 
molecule under zero pressure. At smaller distances the force is 
one of repulsion and is very large. The general nature of the 
curve is an obvious corollary of the fact that a stable molecule is 
formed and that the compressibility of solid and liquid sub- 
stances is small. More detailed information has been obtained 
from the spectra of gaseous molecules, and the curves are found 
to agree satisfactorily with the following empirical equation 

4 > = “ ’■”>] ( 12 ) 


in which D and a are constants. 

The distance may be called the length of the bond. To a 
rather surprising extent these bond lengths are additive functions 
of the atoms involved and are constant for atoms of a given 
kind. It is therefore possible to write down, as in Table III, a 


Ta3lb III. — Covalent Radii in a 


Atom 

1 

Single bond 

Double bond 

Triple bond 

H 

0.30 



C 

0.77 

0.67 

0.60 

N 

0.70 1 

0.61 

0.55 

0 

0.66 

0.57 

0.51 

F 

0.64 



P 

1.10 



S 

1.04 



Cl 

0.99 



Br 

1.14 



I 

1.33 




set of values of covalent radii, one for hydrogen, one for singly 
bound carbon, one for doubly bound carbon, etc., and to calculate 
the length of any bond by adding the appropriate radii. 
When a bond may be represented as a resonance hybrid of two 
types, its length is intermediate between those characteristic of 
the two types and may be estimated from a plot of the type of 
Kg. 8. 

Morse, Phys, Rev,, 34, 57 (1929). 

Pauling and Huggins, Z, Kriat,, 87, 205 (1934), 
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The valence angle, which is the angle between the links pro- 
ceeding from a given atom, shows the same kind of constancy 
as the bond length. The calculated angle for the bonds of a 
tetrahedral atom is 109°28', and the valence angle on saturated 
carbon has been found to have this value in numerous organic 
molecules. The angle may increase slightly when the atoms 
attached to carbon are large, the Br — O — ^Br angle in dibrom- 
methane being 112°.^^ The angle between two atoms bound by 
single links to olefinic carbon also appears to have nearly the 
tetrahedral value, being 111 + 2 deg. in tetramethylethylene.^ 
A single link attached to triply bound carbon lies in line with the 
triple bond; acetylene and hydrogen cyanide are linear molecules. 

The H — angle in ammonia is 112 to 116 deg.,^^ corre- 
sponding to the pyramidal structure of the molecule (page 15); 
it would be 120 deg. if the nitrogen lay in the plane of the hydro- 
gens. The H — 0 — angle in water is between 104 and 106 deg. ; 
the C — 0 — C angle in diphenyl oxide is 110 deg. 

The interaction of two electrically charged atoms, such as 
a sodium ion and a chloride ion, must follow a curve of qualita- 
tively the same nature as that of Fig. 9, which must in this case 
reduce at large distances to the ooulombic form 0 — eie^/r. 

The Interaction of Molecules : van der Waals’ Forces : Hydro- 
gen Bonding: Other Specific Interactions. — It is a universal 
property of atoms and molecules to exert relatively weak forces of 
attraction upon other atoms or molecules. These are called 
van der Waals\ cohesive, or dispersion forces. They provide an 
ever-present cohesive force and, in default of stronger forces, 
are alone responsible for the existence of liquid and solid helium, 
hydrogen, and methane. In so far as more powerful covalent or 
coulombic attractive forces do not intervene, the van der Waals' 
a^ttraction goes over to repulsion at distances that are large 
compared with the bond lengths of stable compounds. Thus the 
distance between centers of two hydrogen atoms inside a mole- 
cule is 0.75a, but, when two hydrogen atoms are present in 
different molecules, they are never found to be closer together 
than 3.0a.2® Graphite is composed of layers within which the 

** Lbvt and Bbockwat, J , Am. Chem. Soc., 69, 1662 (1937). 

2^ Ref. 8a, p. 83. 

“ Ref. Sa, p. 48. 
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carbon-carbon distance is 1.42a, obviously corresponding to 
covalent bonds (page 25), whereas the distance between layers 
is 3.33a, corresponding to much weaker van der Waals^ forces. 
The strong binding within the layer together with the weak 
binding between layers is responsible for the ease of cleavage into 
thin flakes, which is the most characteristic property of the 
substance. 

Like the distance between atoms inside a molecule, the much 
larger distance of closest approach of atoms in different molecules 
is a relatively constant and additive property of the atoms 
concerned. It is therefore possible to set up, as in Table IV, 
values of effective atomic radii for interaction between molecules. 

Table IV. — Effective Atomic Radii for Interaction between Mole- 
cules 

InA25 

H 1 0-1.5 P m 1.4 

C 1.67 Cl 1.87 

N 1.5 Br 1.85-2.0 

0 1.40 

Two molecules the structures of which show marked electrical 
dissymmetry attract each other by virtue of other and stronger 
forces in addition to those of van der Waals. In some cases this 
effect may be treated in terms of the interaction between the 
electrical dipoles of the molecules; in others a finer analysis is 
necessary. It has, for instance, been apparent for a long time 
that molecules containing hydroxyl groups and, to a lesser extent, 
those containing the NH 2 group cling together especially strongly. 
The classical statement has been that the substances in question 
form associated liquids, which meant that their heats of evapora- 
tion are higher than those predicted by Trouton's rule and that 
the surface tension-temperature relationship also deviates from 
the normal in a way that can be attributed to the presence of 
powerful intermolecular forces. The coincidence of these pheno- 
mena with the presence of hydrogen and of unshared electron 
pairs in the hydroxyl or amine group suggested the possibility 
that a hydrogen atom may bond two oxygen or nitrogen atoms, 
a possibility that has been abundantly confirmed from investiga- 

“ Latimer and Rodebush, J, Am, Chem, Soc., 42, 1419 (1920). 
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tions on interatomic distances. Thus the dimer of formic acid 
has the configuration (jDD), and the distance a is equal to 2.67a. 

O- H O 

H-C C-H 

❖ ^ 

O H- O 

a 

(DD) 

Since the distance would, from Table IV, be 2.80a if the oxygens 
were in contact, the intervening hydrogen not only occupies no 
space itself, it even pulls the oxygens closer together. In crystals 
of oxalic acid dihydrate the distance between the oxygens in the 
water molecules and the carbonyl oxygens is as low as 2.52a, 
and similar results have been obtained in the study of other 
crystalline substances. 

A direct diagnostic for the presence of hydrogen bonding has 
been found^^ in a shift in the frequency of the infrared absorption 
associated with the vibration of hydrogen relative to oxygen 
or nitrogen which occurs when the hydrogen is involved in the 
bonding of two atoms. 

The theory of the hydrogen bonding is by no means clear. 
An early suggestion^® that hydrogen may have a stable filled shell 
of four electrons is most improbable, and more recent approaches 
have been made either from the idea of a resonance between 
structures in which the hydrogen is linked to the one or the other 
of the atoms bonded^® or in terms of a detailed analysis of the 
electrical fields in the immediate neighborhood of the hydroxyl 
group.®® The bonding has somewhat the properties of a true 
valence, in that a hydrogen atom involved in one hydrogen bond 
has little tendency to form another. This fact is evidenced by 
the failure of structures like (DD) to polymerize further and, most 
interestingly, by the properties of internal hydrogen bonds 
involving chelation.®^ For instance and p-riitrophenols are 

Pausing and Brockway, Proc. Nat Acad. Sd.j 20, 336 (1934). 

2® PoBBRTSOJsr, Proc. Roy. Soc. (London), A167, 79 (1936). Robertson 
and Woodward, J. Chem. Soc., 1817 (1936). 

RoDBBtrsH and Bttswell, J. Phys. Chem., 43, 219 (1939). 

Onsagbr, j. Phys. Chem., 43, 189 (1939). 

®^Lassettre, Chem. Rev., 20, 259 (1937). 
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found by eryoscopic methods to be largely associated in solution 
in naphthalene, whereas o-nitrophenol is unassociated or nearly 
BO. If one assumes that an internal hydrogen bond forms 
between hydroxyl and nitro groups in the latter case, an impossi- 
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bility for spatial reasons in the other cases, and that this internal 
bonding prevents the normal external bonding, these phenomena 
can be accounted for. They are typical of a large variety of 
similar effects. 

There are indications both in the recent work®® and in earlier 
work^® on compound formation between organic molecules that 
hydrogen bonding is strongest when the hydrogen is most acidic 
and the oxygen or nitrogen atom to which the bond is made, 
most basic. In other words, hydrogen bonding between atoms 
is favored by the same factors that favor the complete transfer 
of the proton from one atom to the other. 

Another type of relatively firm and highly specific bonding 
between molecules appears in the colored compounds that 
naphthalene and other aromatic compounds form with picric 
acid, trinitrobenzene, and the like.®^ The compound formation 
is favored by electron-attracting groups like CN, SO2CI, and 
CO2CH3 in the nitro compound or by an increase in the number 
of nitro groups present in it, whereas methyl is unfavorable.®3.34 
On the other hand, electron-repelling groups like CH3, OH, and 
NH2 favor the compound formation when they are present in 

KbndaiiL, Boogb, and Andrews, J . Am, Chem. Soc.y 39, 2303 (1917). 

Pfeiffer, ^‘Organische MolekOlverbindungen,’' Stuttgart, 1922, pp, 
218#. 

84 Bennett and Wain, J, Chem, Soc.^ 1108 (1936). 
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the other component. This may be interpreted to mean that a 
low electron density on the nitro group and a high one on the 
unsaturated linkages of the other component are essential factors 
in the interaction,®^ A quantitative theory has also been 
approached®® in terms of the polarization of the loosely bound 
electrons of the aromatic compound by the strong dipole of the 
nitro group. 

Brieglbb, Z. phydk. Ch&m., B26, 63 (1934); B31, 58 (19^). 
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STRUCTURAL THEORY: ELECTROLYTES 


The Applicability of Structural Methods. — One of the most 
striking evidences of the reliability of the organic chemist’s 
methods of determining molecular structure is the fact that he 
has never been able to derive satisfactory structures for sup- 
posed molecules which are in fact nonexistent. For instance, 
the question of whether the potassium in potassium cyanide is 
linked to carbon or to nitrogen used to be the subject of much 
discussion ; it was never settled and is now known to have had no 
meaning. The substance consists of equal numbers of potassium 
and cyanide ions. In solution these are independent entities; 
in the solid state they are stacked up in a three-dimensional 
chessboard identical with that which is now so familiar in the ease 
of sodium chloride. Each cyanide ion is at the center of a 
group of six equidistant potassium ions, one in front, one in back, 
one to the right, one to the left, one up, one down. In the same 
way, each potassium ion is at the center of a simila r group of 
cyanide ions. Neither in solution nor in the crystal is there 
anything that can by any right be called a molecule of potassium 
cyanide, and the futility of attempting to determine the structure 
of such a molecule is now obvious. The potassium ion is linked 
neither to carbon nor to nitrogen; it is merely the positive ion 
which must be present in an amount equivalent to that of the 
negative cyanide ions. For the same reason, such “structural” 
formulas as 
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are completely meaningless. In all these cases the crystals have 
ionic lattices, i.e., alternating arrangements of fundamentally 
the same sort as sodium chloride or potassium cyanide. 
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The Nature of Salt Crystals : Solubility of Salts, — The proper- 
ties of salt crystals may be satisfactorily interpreted as the result 
primarily of the forces between the ions. The repulsion due to 
the like charged ions is weaker than the attraction due to those 
of unlike charge, because the like charged ones are on the average 
farther apart. Because the electrical forces are powerful, 
such crystals have high cohesion and are mechanically strong. 
Because they also resist the breaking down involved in fusion, 
evaporation, or solution, salts tend to have high melting and 
boiling points and to be insoluble in most solvents. Many of 
them do dissolve in water and to a lesser extent in a few other 
solvents (page 40). In the process of solution the crystal 
breaks down into the ions that are its building stones; a factor 
of great importance in this breakdown is the high dielectric 
constant of the solvent. The work required to separate two 
unlike charges varies inversely as the dielectric constant of the 
medium, and, even though actual ions do not behave exactly 
like point charges, the work required to break down an ionic 
lattice in water with a dielectric constant of 80 must be not far 
from one-eightieth of that required in a vacuum. A high dielec- 
tric constant is a necessary, but apparently not a sufficient, 
condition for a ^^good salt solvent,^’ since liquid hydrogen 
cyanide with a dielectric constant of 116 at 20° dissolves very 
few salts in appreciable amounts.^ In order that salts may dis- 
solve, a considerable tendency on the part of the solvent mole- 
cules to attach themselves to the ions, to solvate them, appears 
to be necessary. The mechanism of the solvation and the neces- 
sary conditions for its appearance are not known with certainty, 
but it is a striking fact that hydroxyl derivatives, viz., water, 
the alcohols, and the organic acids, are the best salt solvents and 
that ammonia and the amines follow. Increase in the size of a 
hydrocarbon residue in the solvent is always unfavorable. In 
all these respects, ability to dissolve salts runs parallel with 
tendency toward association of the hydrogen-bonding type 
(page 34). This perhaps indicates that the solvation depends 
upon hydrogen bonding between the solvent molecules and the 
unshared electrons of the anions of the salt. The best solvents 
that do not contain hydroxyl or amine hydrogen are nitromethane 
1 Fbbdbnbcagbn and Dahmlos, Z. anorg. allgem, Chem,, 179, 77 (1929), 



40 


PEYSICAL ORGANIC CEEMIBTRY 


and sulfur dioxide, although they lag considerably behind 
hydroxyl compounds of equal dielectric constant. Sulfur 
dioxide is known to form solvate compounds with the halide 
ion,^ perhaps because the sulfur carries only a sextet of electrons 
and may attach itself to the lone pairs of the halide ion. Halogen 
compounds like chloroform and ethylene chloride are better 
solvents than hydrocarbons.® These rules are very general and 
approximate j the solubility of any salt in any solvent is ulti- 
mately a specific property of the combination. Thus silver 
fluoride is readily soluble in water, and silver iodide is the least 
soluble of the halides; in liquid ammonia the fluoride is dij0B.- 
cultly soluble, the iodide extremely soluble.^ 

Ion Pairs, Triplets, Etc.— The breakdown of the crystal into 
ions on solution need not be complete. It is probable that even 
aqueous solutions of ionic substances contain ion pairs, i.e., 
pairs of ions of opposite charge held together by the electrostatic 
attraction due to their charge,^ but the concentration is so low 
that it is difficult to establish their presence with certainty. 
They are, however, easily shown to be present in liquid ammonia, 
and the proportion becomes large in solvents of low dielectric 
constant. There is a group of electrolytes consisting of large 
organic ions that dissolve even in the most unfavorable solvents. 
Salts like tetraamylammonium picrate or sodium triphenyl- 
methide dissolve appreciably in ether, dioxane, or ethylene 
chloride, and some of them even dissolve measurably in benzene. 
In these solutions a wide variety of association products have 
been found to be present.® If M+ represents the cation and A" 
the anion, it appears that ion pairs MA, triplets MAM"*" and 
AMA“, and probably still more complex groupings are present. 
The proportion of free ions may be small, being of the order of 
10“® to 10”^® for quaternary a m monium salts in benzene. 

2 jANDBEand Mesbch, Z, physik, Chem.j 183, 121 (1938). 

® There is much information on the solubilities of salts in various solvents 
in the work of Walden, summarized in his book, Salts, Acids and Bases; 
Electrolytes; Stereochemistry,” New York, 1929. 

* rEBDBNHAGB3sr, Z, anorg. allgem, Chem.j 186, 1 (1930). 

®Bjbkbum, KgL Danske Videnskab. Selskab.j Math.-fys. Medd. [9J, 7, 
1 (1926), 

« Ftross, Chem, Bev.j 17, 27 (1935). 
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In spite of the fact that the ion pair is a molecule of the salt, 
it is impossible to write a useful structural formula for it. The 
structural formula is based upon and indissolubly bound up 
with the concepts of definite linkages and of valence forces that 
exhibit the property of saturation. These characteristics are 
those of shared-electron bonds; the electrostatic attraction 
involved in the formation of the ion pairs behaves in an entirely 
different fashion (page 12). There is no saturation of valence, 
no definite linkage between the atoms in the different ions; the 
ion pair is merely one of a large number of equally important 
intermediates between ion and crystal. 

The Molecular Structure of Ions: The Werner Principle. — 
The structure of an organic ion, within which the linkages are 
of the shared-electron kind, is just as definite a thing as that of a 
neutral molecule. Its determination rests fundamentally upon 
the same principles and the same methods of investigation as 
those which apply to neutral molecules. The possibility of 
determining by chemical methods the structure of an ion and the 
impossibility of determining the structure of the molecule of an 
electrolyte were recognized by Werner as early as 1893^ and 
form the basic principles that he used in his extraordinarily 
successful attack on the problem of the inorganic complex 
compounds. 

Pseudo-electrolytes : Acids and Bases. — In contrast with salts 
there is a group of substances which are not inherently elec- 
trolytes but which are converted to electrolytes by definite 
chemical reactions when they are dissolved in suitable solvents. 
The best known of these are the acids and bases. Thus hydrogen 
chloride is a low-boiling, low-melting substance that is practically 
a nonconductor in the pure liquid state or in solution in benzene. 
Yet it is, for all practical purposes, completely converted to 
ions in dilute aqueous solution. It is overwhelmingly probable 
that the ionization involves the reaction 
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6- H-|+ + [•CIT 
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The ion OHs"^ is called oxonium ion, sometimes also hydronium 
or hydroxonium ion. Reactions like this, which consist in the 
’ Wbbnee, Z, anorg. allgem. Chem,, 3, 267 (1893). 
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transfer of a proton, are called protolytic, and this theory of the 
ionization of acids and bases is the proton-transfer theory of adds 
and bases. Some of the most important evidence for it follows. 

The theory accounts for the contrast between the properties 
of hydrogen chloride in aqueous solution on the one hand and in 
the pure state or in benzene solution on the other. It avoids the 
difficulty of supposing that the solution contains free hydrogen 
ions. Unlike sodium or chloride ions, these are bare nuclei; they 
are much smaller than the other ions and are surrounded by 
much more intense fields of force. Consequently, they must 
either tear electrons from other atoms or molecules or share 
electrons with them, they cannot exist uncombined.® 

No one doubts that the ionization that occurs when hydrogen 
chloride is dissolved in liquid ammonia is due to the proton- 
transfer reaction 


NHj + HCI^NH4+ + Cl- (11) 

because the salt NH 4 CI may be obtained by evaporating the 
solvent. The chief difference between this reaction and that of 
equation (I) is that the greater positive charge on the oxygen 
nucleus hinders the transfer so that it has less tendency to occur 
and more to be reversed. Oxygen compounds are for this reason 
less basic than the corresponding nitrogen derivatives. In other 
respects the effects of equation (I) in aqueous HCl and of equa- 
tion (II) m ammoniacal HCl are very similar. This fact appears 
in notable fashion in that ammonium salts in ammonia have all 
the properties traditionally characteristic of acids. They act 
on metals with the evolution of hydrogen; they neutralize amides, 
which are the ammonia analogues of the hydroxides in aqueous 
solution; they change the color of indicators; they catalyze 
reactions (page 62); and they dissolve salts of weak acids in 
just the same way that acids do in water.® 

The certainty that chemists feel about the existence of ammo- 
nium salts derives from the fact that so many of them are known 
in the solid state, are obviously saltlike in all their properties, 
and have been found to possess an ionic lattice. Yet all of them 

• Bb 0 is 3 TSD, Ber., 61B, 2049 (1928). 

’ Fbanklin, “The Nitrogen System of Compounds,” New York, 1935. 
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break down into nonionic fragments by the reversal of reaction 
(II) at slightly elevated temperatures; the vapor of ammonium 
chloride contains no detectable quantity of ammonium chloride 
molecules but consists of ammonia and hydrogen chloride.^** 
By reason of the lower basicity of oxygen, the oxonium salts 
break down at a lower temperature, but the difference is one of 
degree, not one of kind, and the oxonium salts of the stronger 
acids are relatively stable. Thus the crystalline monohydrate 
of perchloric acid has been shown by X-ray methods to con- 
sist of the ions OHs"^ and C 104 “. It is really a salt and should 
be called oxonium perchlorate. Similarly, the dihydrate of 
boron fluoride consists of the ions OH3+ and BF3OH-. The 
same thing is no doubt true, although not yet directly demon- 
strated, for the hydrates of many of the strongest acids, notably 
for the stable hydrates of the sulfonic acids, the properties of 
which are very different from those of the anhydrous acids. 

The formation of stable saltlike reaction products by the 
reaction of strong acids with organic oxygen compoimds was first 
observed in 1899^^ in the case of dimethylpyrone. The phe- 
nomenon has been found to be very general and is especially 
important with the anthocyanins, naturally occurring coloring 
matters. These oxonium salts were at first said to be examples of 
quadrivalent oxygen,” but the term was used in the same sense 
in which the nitrogen in ammonium salts was at that time called 
quinquevalent; it was recognized that the fourth valence” of 
the oxygen is an ionic one.^® Although the terminology of that 
day was different, the process visualized for the salt formation 
was essentially that of equation (I). 

The early workers on oxonium salts recognized that the most 
direct evidence for the analogy between oxonium and ammonium 
salts would be the isolation of the tertiary oxonium salts which 
are the analogues of the quaternary ammonium salts. The 
problem is a difficult one since the tendency to decompose by 
reaction (III) is inevitably large. It has only recently been 

Rodebush and Michalek, J, Am. Chem. Soc,, 61, 748 (1929). 

(a) VoLMBR, Ann., 440, 200 (1924). (&) Klinkenberg and Ketelaar, 

Rec. irav. chim., 64, 959 (1936). 

“ Collie and Tickle, /. Chem. Soc., 76, 710 (1899). 

13 Baeter and Villiger, Ber., 34, 2679 (1901). 
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rH,C - 6 - CHs-l+ +X-?=i H,C - 6 - CHa + H,CX (III) 

[ iH. J 

solved by the preparation of a substance the saltlike properties 
and composition of which indicate that it is the fluoborate of the 
expected trimethyloxonium ion (A) 


r CH, 1^ 

r 

1 

Lh,C - 0- CHaJ 

IF- B- F' 


•F« 


(A) 


The corresponding dimethylethyloxonium and triethyloxonium 
compounds have been isolated as well as the triethyloxonium 
picrate. 

Some very beautiful and significant experiments in which the 
solvent was sulfur dioxide were reported in 1920.^® Besides 
being a relatively good solvent for electrolytes, this solvent is 
not acidic and is only weakly basic. The solubility of water is 
very small, hydrogen bromide is soluble but not appreciably 
ionized; yet a solution of hydrogen bromide dissolves precisely 
one mole of water for every mole of hydrogen bromide, and the 
solution is an excellent conductor. There could be no more 
direct evidence of the reaction 

HBr + HaO ^ OH3+ + Br- (IV) 

When the solution is electrolyzed, water is set free at the cathode 
by the discharge of the oxonium ion. By isolating and weighing 
the water, it was found that one mole is liberated for each 
faraday, in accordance with the equation 

Ohs’*" + e H2O + H (V) 

Equations (I) and (II) are as much representations of the 
ionization of the bases water and ammonia as they are of that of 
the acid hydrogen chloride. When a little acid is dissolved in a 
basic solvent, one speaks of the ionization of the acid; when a 

Mbbrwbin, Hmz, Hofmann, Kroning, and Pfeil, J, prakt, Chem. 
(II), 147, 257 (1937). 

“ Bagstbr and Cooling, Ckem, Soc., 117, 693 (1920). 
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small amount of base is present in an acidic solvent, one refers 
to the ionization of the base. The difference is one of conven- 
ience only. Ammonia ionizes in water by the reaction 

NH3 + H2O ^ NH4+ + OH- (VI) 

The name ammonium hydroxide, often given to a solution of 
ammonia in water, implies only the presence of ammonium and 
hydroxyl ions. There is, it is true, a compound of ammonia 
and water, the existence of which is probably due to hydrogen 
bonding. But this melts with decomposition at —79.3°c, and 
the amount present in aqueous ammonia can hardly be important. 

Solutions in Sulfuric Acid: Very Weak Bases. — ^In order to 
investigate the ionization of very weak bases, one must turn 
to a solvent that is less basic than the solutes, otherwise the 
solvent molecules capture practically all the available protons. 
The widest step available in this direction is the use of sulfuric 
acid as the solvent.^® This has very desirable properties for the 
purpose; interionic forces are small, presumably because of an 
extremely high dielectric constant, although this has never 
been measured. Consequently, the freezing-point depression 
per mole produced by a binary electrolyte is almost exactly 
twice as great as that produced by a nonelectrolyte, instead of 
being as in water 1.8 to 1.9 times as great. It freezes at a 
convenient temperature (10.5°c) for cryoscopic measurements, 
and it is relatively cheap and available in high purity. There 
are minor complications owing to the large ionization of the 
solvent which have delayed a complete understanding of the 
system, but these effects are easily eliminated.^®® 

The freezing-point depression per mole of a nonelectrolyte 
is known, both from the familiar relation between heat of fusion 
and cryoscopic constant and from cryoscopic measurements on 
substances (trichloracetic acid, picric acid, dinitrobenzene) that 
do not conduct when dissolved in sulfuric acid, to be 6.154 
deg./mole. NaHS04 and other alkali bisulfates conduct and 
yield freezing-point depressions of 12 to 13 deg. /mole, which can 

(a) Hantzsch, Z» pkysik. Chem., 61, 257 (1908). (5) Hantzsch, ibid., 
66, 41 (1908). (c) Hantzsch, B€r., 66B, 953 (1922). (d) Hantzsch, ibid., 
63B, 1782; 1789 (1930). (e) Hammett and Detbxjp, /. Am, Chem. Soe.,, 
66, 1900 (1933). (f) Hammett and Lowenhbim, iUd., 66, 2620 (1934). 

( g ) Teepfbbs and Hammett, iUd.j 69, 1708 (1937). 
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mean only that one mole of salt furnishes two moles of solute to 
the solution, one of sodium ion and one of bisulfate ion. Water 
yields the same molar freezing-point depression, and this can 
be only because by way of the reaction 

H 2 O 4- H 2 SO 4 OH 8 + + HSO 4 " (VI I) 

one mole of water gives rise to one mole each of oxonium ion and 
bisulfate ion. A wide variety of organic oxygen compounds 
yield the same molar depression as water, are conducting solutes, 
and may be recovered unchanged by addition of water to their 
solution in sulfuric acid. They must therefore react in the same 
way as water. The list includes ethers, esters, ketones, alde- 
hydes, and acids, and typical reactions are 

(C2Hfi)20 + H 2 SO 4 ;=± [(C2H6)20H]+ + HSO 4 - (VI 1 1) 

CeHfi" CO- CH 3 + H2S04^[C6H6- COH - + HS04“ (IX) 

CHaCOOH + H 2 SO 4 ^ [CH3C(0H)2]+ + HSO 4 - (X) 

The behavior of the chloracetic acids effectively verifies this 
interpretation of the ionization process. Monochloracetic acid, 
like acetic acid itself, gives a twofold depression and is therefore 
completely ionized [equation (X)]. Dichloracetic acid gives a 
depression between one and two times that of a nonelectrolyte 
and is therefore partly ionized. Trichloracetic acid is a non- 
electrolyte. This is exactly the predicted behavior; substitution 
of chlorine for hydrogen increases the tendency of the acid 
RCO 2 H to lose a proton, and it should consequently decrease its 
tendency to accept a proton. With one chlorine the substance 
is still a strong base in sulfuric acid, with two it is weak but 
measurably basic, with three the basicity is no longer detectable. 

Even inorganic acids may act as bases under conditions of 
sufficiently high acidity. HNO3 gives somewhat more than a 
twofold depression in sulfuric acid,^®* its solution is conducting, 
and the light absorption is entirely different from that of molec- 
ular nitric acid or of nitrate ion.^^ Furthermore, stable com- 
pounds of nitric acid with H2S2O7 and with HCIO4 have been 
isolated, which conduct when dissolved in nitromethane and 
have been shown by transference experiments in that solvent to 
contain the nitrogen in the cation. Their compositions corre- 
spond to the structures (5), (C), and (Z)) 

Hantzsch, Ber.j 68, 941 (1925). 
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Similarly, evidence for the basicity of phosphoric acid has been 
obtained through the compound [P( 0 H) 4 ]’^[C 104 ]”.^® 

The following substances have been found to be simple 
monoacid bases the ionization of which according to an equation 
of the type of (VII) to (X) is practically complete: ethyl ether; 
ethyl acetate; acetophenone; benzophenone; benzalacetophenone; 
benzil; anthraquinone; dimethylpyrone; acetaldehyde; acetic 
chloracetic, and trimethylacetic acids; benzoic acid and its 
p-brom, p-nitro, o-methyl, 2,4~dimethyl, 2,4,6-trimethyl, 3,4,5- 
trimethoxy, and 2-methyl-6-nitro derivatives; malonic, fumaric, 
and isophthalic acids; many nitroanilines, including the trinitro 
compound, azobenzene and its p-nitro derivative; acridine; 
acetonitrile; tolunitrile; benzamide; cyanuric acid. 

Dichloracetic acid and nitrobenzene are incompletely ionized; 
HCl and HF are reported in the same class. 

The following are soluble but not measurably ionized: tri- 
chloracetic acid, trifluoacetic acid, picric acid, phthalic anhydride, 
dimethyl sulfate, trinitrobenzene and trinitrotoluene, dinitro- 
benzene, nitromethane, benzene sulfonic acid and its m-nitro 
derivative, methane and ethane sulfonic acids, perchloric acid. 

Methyl and ethyl alcohols are converted to alkylsulfuric acids, 
the presence of which may be demonstrated by dilution with 
water and suitable tests. By the reaction 

CHaOH 4- 2 H 2 SO 4 CH 8 SO 4 H -h OH 3 + + HS04“ (XI) 

the depression is three times that of a nonelectrolyte. Phthalic, 
succinic, and maleic acids give similar depressions, probably by 
way of anhydride formation. Urea, hydrazine dicarboxylic 

“ Aklmak, Rec. trav, c^m., 56, 919 (1937), 
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ester, and some other nitrogen compounds appear to be able to 
add two protons, giving a threefold depression. Triphenyl- 
carbinol and some other substances give a fourfold depression 
by way of the formation of a carbonium ion (page 64 ). 

Nomenclature : The Brp^nsted-Lowry Terminology. — The exist- 
ence of this large variety of positive ions poses a problem in 
nomenclature for which the standard terminology of structural 
organic chemistry has no satisfactory answer. In terms of a 
widely accepted suggestion of Br 0 nsted^® and Lowry^° the cations 
formed in equations (VIII) to (X) may be denoted simply as 
the conjugate acids of ether, acetophenone, and acetic acid, 
respectively. 

In this terminology any substance that can accept a proton 
by virtue of an unshared electron pair is a base, and the product 
formed by the addition of a proton to a base is an acid. An acid 
and a base that are related in this way are said to be conjugate 
or corresponding. The classification does not depend upon 
charge; ammonium ion, NH4'^, acetic acid, HC2H8O2, and 
bisulfate ion, HS04“, are acids, the conjugate bases of which 
are ammonia, NHs, acetate ion, C2H302“, and sulfate ion, SO4”, 
respectively. 

The nomenclature has given rise to some confusion because 
it uses the familiar words acid and base in a new sense. This has 
happened before in the history of these words, as it has with 
many of the words that scientists use. The Arrhenius-Ostwald 
definition of an acid as a substance that ionizes to produce hydro- 
gen ion and of a base as one that ionizes to produce hydroxyl 
ion is by no means identical with the previously accepted defini- 
tions and is itself of no great antiquity. Indeed, many practical 
chemists have refused to accept the precisian's insistence that 
anilinium hydroxide not aniline is the base and now find the 
fashion veering back in their direction. With, the Brdnsted- 
Lowry nomenclature now approaching general acceptance, it is 
to be hoped, however, that no further immediate changes will 
be made. 

The strongest acids must be conjugate to the weakest bases, 
when an acid possesses weakly boimd protons the loss of a 

BK0]srsTEi), Rec, trav. chiin., 42, 718 (1923). 

*®Lowbt, Chem, and Ind.j 42, 43 (1923). 



STRUCTURAL THEORY: ELECTROLYTES 


49 


proton forms a base with little affinity for protons. In terms of 
the proton-transfer theory (page 42) the typical reactions of 
acids and bases consist in the transfer of a proton from an acid to 
a base. Familiar examples are the ionizations of equations (I) 
and (VI), neutralization, e.g., 

OH8+ + 0H-^=±2H20 (XII) 

and hydrolysis, e.g., . 

HaO -h CaHaOa- OH- + HCaHjOa (XIII) 

NH4+ -f CaHsOa- ;=± NH3 + HCaHjOa (XIV) 

In all these cases an acid transfers a proton to a base, the reaction 
products being the acid and base conjugate to the reactants. 

The Study of Very Weak Acids. — The investigation of very 
weak acids requires a solvent of stiH weaker acidity. Liquid 
ammonia has proved very useful for this purpose, and a solution 
in it of the strong base amide ion, NH 2 ”, potassium aroide, 
suffices to convert a number of hydrocarbons to their conjugate 
bases.^^ Triphenylmethane reacts 

(C6H8)8CH + NHa- (C6H5)3C- + NH8 (XV) 

to form an intensely red carhanion, as does diphenylmethane 
but not toluene. In ether the same hydrocarbons react with 
alkali metals to form conducting solutions with the same intense 
colors^^ 


(C6H5)8CH + K (C8H6)8C- + K+ + MH 2 (XVI) 

Ether solutions of such carbanions have been used to demon- 
strate the acidity of many very weakly acidic substances and 
even to measure approximately their acid strengths. This 
was accomplished by observing, either by the color change or by 
a chemical method, the extent of the reaction of one acid with 
the carbanion of another. The equilibrium constant of the 
reaction 

HAi + A 2 - Ar + HAa (XVI I) 

Kraus and Rosen, J. Am, Chem, Soc.^ 47, 2739 (1925). Wooster and 
Mitchell, tbid.j 62, 688 (1930). 

** ScHLBNK and Marcus, Ber., 41 y 1664 (1914). 

** (o) CoNANT and Whbland, J, Am, Chem, Soc,, 64, 1212 (1932). (h) 

McEwen, ibid.y 68, 1124 (1936). 
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thus determined measures the relative strength of the acids 
HAi and HA2. Table I lists the substances studied in the order 

Table I. — Stbbnqth of Very Weak Acids®* 
pjj'tt Substances 

14^15 iV-Methyletioporphyrin 
16 Methanol, etioporphyrin 
16.5 2,4-Dimethyl-3, S-dicarbethoxypyrrole 

18 Ethanol, i-propyl alcohol, benzyl alcohol, benzhydrol 

19 Z-butyl alcohol, i-amyl alcohol, triphenylcarbinol, menthol, 

acetophenone 

21 Phenylfluorene, a-naphthylfluorene, phenylacetylene, indene 
23 Diphenylamine 
25 Fluorene 

27 Aniline, p-toluidine, p-anisidine 
29 Xanthane, phenylxanthane 
31 Diphenylbiphenylmethane 

33 Triphenylmethane 

34 Diphenyl-a-naphthylmethane 

35 Diphenylmethane 

36 Biphenylmethylethylene 

37 Cumene 

of decreasing acid strength, together with an estimate on an 
arbitrary scale of the pKa values. 

The Differentiation of Ion Association Products from True 
Molecules. — The behavior of sodium triphenylmethide and 
similar substances brings up the question whether it is possible 
in practice to distinguish ion pairs and other electrostatic 
polymers from molecules in which all the linkages are due to 
electron sharing. Ion association in these ether solutions is so 
extensive^^ that the ^‘degree of dissociation’^ of the salt is of 
the order of salts may therefore be just as weak electrol3H:es 
as acids or bases, 

A distinction is possible when crystal-structure data are 
available; a substance with an ionic lattice is a salt, and its 
component ions are bound by electrostatic forces; one with a 
molecular lattice is either a nonelectrolyte or a pseudo-elec- 
trolyte, and its atoms are linked by valence forces. One may 
also consider other less definite properties and look for the 
presence or absence of such typical salt properties as high melting 
and boiling points and insolubility in solvents of low dielectric 
Kbbvil and Bent, J. Am. Chem. Soc., 60, 193 (1938). 



STRUCTURAL THEORY: ELECTROLYTES 


51 


constant. Unfortunately, however, salts containing large organic 
ions tend to approach the properties of nonelectrol3rfces in these 
respects, so that this diagnostic must be used with caution. 

The color and more generally the light absorption in .the visible 
or ultraviolet permit an unambiguous distinction in many cases. 
The formation of an ion pair by electrostatic attraction, and 
without the appearance of new valence links, has very little 
effect upon the light absorption of a molecular species because 
it does not vitally affect the electronic structure. A familiar 
example is the identity of the color of the hydrated copper ion in 
crystalline copper sulfate hydrate and that of the same ion in 
dilute aqueous solution. On the other hand, the formation of a 
new valence link produces in most cases, although not always,^® 
a large change in absorption. This involves a change in color 
if the absorption happens to lie in the region of visible light, but 
the change is just as definite and recognizable when it is in the 
ultraviolet. In the case of triphenylmethane and its salts, the 
sodium and potassium compounds have identical colors, and 
the color is the same in ether solution in which the ionization is 
minute as ^t is in ammonia in which the concentrations of free 
ions and polymers are comparable. Consequently, the light 
absorption of the ion must be practically identical with that of 
the ion pairs which it forms both with sodium and with potassium 
ion. But when the ion is converted to triphenylmethane with 
formation of a new C — bond, the absorption shifts to the 
ultraviolet and the substance is colorless. 

In the case of picrate ion the most accurate measurements^ 
have shown only minute differences between the absorption of 
the ion and the ion pairs that it forms with alkali ions. Here 
also the formation of the new valence link when the ion is con- 
verted to picric acid shifts the absorption into the ultraviolet. 
The yellow color of solid picric acid is due to impurities, such 
as ammonium and oxonium picrates, the molectilar acid is 
colorless. 

“ Hajttzsch, Ber., 50, 1422 (1917); 60B, 1933 (1927). 

Flexsbb, Hammett, and Dingwall, J. Am. Chem. Soc.y 57, 2103 (1935). 
^ Kraus and Kahlbr, J. Am, Chem. Soc.y 65, 3637 (1933). 

“ (a) VON Halban and Szigbti, Eelv. Chim. Acto, 20, 746 (1937). (6) 
Kraus, J. Phys. Chem.y 43, 231 (1939). 
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Another significant difference between ion pairs and valence 
compounds appears in the fact that a series of organic anions, 
Rr, R 2 -, Rs'*', etc., differ much less in the extent to which they 
combine with a given metallic ion to form the ion pairs RiNa, 
R 2 Na, RsNa, etc., than in the extent to which they are con- 
verted to RiH, R2H, R3H, etc., at a given acidity The 
extent of ion association is in fact nearly constant if the nature of 
the atom or group of atoms on which the ionic charge is concen- 
trated remains constant the tendency to form valence links 
may vary greatly. 

The formation of ion pairs may also have very little effect upon 
the chemical reactivity of an ion. The catalyi:ic effect of the 
ammonium ion, which involves a protolytic reaction of the ion, 
has a range of variation from 0.0386 to 0.0492 in O.In solutions 
in liquid ammonia of ammonium acetate, chloride, bromide, 
nitrate, iodide, perchlorate, formate, benzoate, and thiocyanate. 
The degree of Association of the ion pairs varies from 0.04 to 
0.474, and there is not even any parallelism between the small 
variations in the one case and the’ large variations in the other. 

In the light of such considerations as these, it is profitable to 
distinguish between ionization and dissociation. The ionization 
of an electrically neutral acid or base consists in its conversion to 
ions by a protolytic reaction. The ions thus produced constitute 
a salt, which may be more or less dissociated. In the case just 
cited all the acids from acetic to perchloric are completely 
ionized in liquid ammonia; the dissociation of the ammonium 
salts formed by the ionization is incomplete and varies from 
case to case. 

The Necessary Conditions for the Ionization of an Acid or a 
Base. — ^Ionization depends upon an opposition of properties 
between solvent and solute. Ammonia is a weak base in 
water, reaction (VI) occurring to the extent of 1 per cent or so 
{K = 1.8 X 10”®). In the more acid solvents formic, acetic, or 
sulfuric acids, its ionization is practically complete, the reactions 
being of the type 

NHs -h RC00H;=±NH4+ -f RCOO“ (XVIII) 

29 SHATBNSHa?BiN, Acta Pkysicochem, U,B.S,S,j 3, 37 (1935); /. Am, 
Chem, Soc,f 59, 432 (1937). 
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Water is a much weaker base than ammonia, its ionization in 
formic acid 


HaO + HCOOH ;^.OH3+ + HCOO- (XIX) 

taking place to about the same extent (X = 1.7 X 10“®) as that 
of ammonia in water.®® In the more acidic solvent sulfuric acid, 
its ionization [equation (VII)] is practically complete. Hydrogen 
chloride is a strong acid in water, reaction (I) being practically 
complete. In the less basic solvent formic acid, its ionization is 
incomplete although considerable;®^ in sulfuric acid, it probably 
ionizes as a base (page 47). 

Carbonium Ions. — ^Triphenylmethyl chloride is the t 3 rpe of 
another class of pseudo-electrolytes. The substance is colorless 
and soluble in organic solvents, yielding solutions which in the 
case of chloroform, benzene, and ethyl acetate are colorless and 
nonconducting. Yet its solutions in sulfur dioxide are intensely 
yellow and are excellent conductors.®^ Solutions in cresol show 
strong absorption in the same spectral region as those in sulfur 
dioxide, and their conductance, although not large, is unmis- 
takable.®® In a solvent with so low a dielectric constant (5.0), 
ion association is of course extensive. Solutions in nitromethane, 
nitrobenzene, and acetone show a similar although weaker light 
absorption. This behavior is typical of a pseudo-electrolyte, 
the ionization of which by rupture of a shared-electron bond 
involves an extensive rearrangement of the electronic system 
and a consequent change in absorption and which ionizes only 
under the influence of specific solvents. 

The function of the solvent bears no relation to dielectric 
constant, as the large ionization in cresol amply demonstrates. 
Its nature is strongly indicated by the fact that ionization can be 
induced, as evidenced both by color and by conductivity, by 
the addition to a colorless solution in a nonionizing solvent of 
such substances as SnCU or AlCh.®^ These metallic chlorides 

Hammett and Deyrup, J. Am, Chem, Soc,j 64, 4239 (1932). 

ScHLESiNGER and Calvert, J. Am. Chem, Soc.j 33, 1924 (1911). 
ScHLESiNGER and Martin, ihid,j 38, 1589 (1914). 

Walden, Ber.y 36, 2018 (1902). 

Hantzsoh, Bfir., 64, 2573 (1921). 

’ Norris and Sanders, Am, Chem, J,, 26, 54 (1901). Gomberg, Ber,, 
84,2726 (1901). Kbhrmann and Wentzbl, iWd., 34, 3815 (1901). . 
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are themselves nonelectrolytes in the absence of water or alcohols 
but possess a pronounced afl&nity for chloride ion with which they 
react to form complex ions such as SnCle"* and Aide®*. Their 
effect upon the organic chloride is clearly to remove a chloride 
ion from it: 

(C6Hfi)3CCI + SnCU (C6H5)3C+ + SnCIe" (XX) 

The process is of the same sort as the ionization of an acid or 
base, except that a chloride ion is transferred instead of a hydro- 
gen ion. The positively charged carbon compound is called a 
carbonium ion, the one formed in equation (XX) being tri- 
phenylcarbonium ion. 

It is probable that the solvents in which triphenylmethyl 
chloride ionizes act upon it in the same way that the metal 
chlorides do. Thus the addition of sulfur dioxide to a chloro- 
form solution of triphenylmethyl chloride leads to ionization in 
just the same way as does the addition of SnCU.®® Most of the 
effective solvents are hydroxylic substances the molecules of 
which can form hydrogen bonds with the unshared electrons on 
the chloride ion. Sulfur dioxide also is known to solvate halide 
ions (page 40). Molecular HCl can also induce ionization; for 
colorless trianisylmethyl chloride reacts with dry hydrogen 
chloride to form a colored compound, and similar effects of 
excess of acid on colorless triphenylmethyl halides or sulfates 
have frequently been noted.®® The effect may probably be 
attributed to hydrogen bonding involving the proton of the acid 
and the lone pairs of the halide ion. 

Triphenylcarbonium ion may also be produced by the action 
of a very strong acid on triphenylcarbinol, provided .that the 
medium is one of sufficiently low basicity. The carbinol dis- 
solves in concentrated sulfuric acid to give a yellow solution the 
light absorption of which is identical with that of the chloride in 
sulfur dioxide,®® and the molar freezing-point depression of which 
is four times that produced by a nonelectrolyte. The 
reaction must be 

(C6H5),C0H 4- 2 H 2 SO 4 (C6H5)8C+ + OH 3 + -f 2HSOr (XXI) 

*®Baetbr and Villioeb, Her,, 36, 1189 (1902). Gombebo and Cone, 
Ann,, 370 , 142 (1909). Meteb, Her., 41, 2568 (1908). 
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A similar process occurs in formic acid 

(C6H6)3C0H + HCO2H (CflH5)3C+ + HCOa” + H2O (XXII) 

The action of sulfuric or formic acid on the carbinol closely 
resembles that of SnCU on the chloride. The ionization in the 
first case results from the aflinity of the protons of the acid for the 
hydroxyl ion of the carbinol, in the other from that of the stannic 
chloride for chloride ion. The carbinol also ionizes, although 
slowly and incompletely, in sulfur dioxide,®^ the reaction being 
(C 6 Hb) 8 COH + (CeHOsC-^ 4 - HSO3- (XXIII) 

The suggestion has frequently been made that the ionization 
of the triphenylmethyl halide occurs by way of a displacement of 
a type important in inorganic complex chemistry.®® 

(C 6 H 6 ) 8 CCI + H2O (C 6 Hb) 3 COH 2 + + Cl- (XXIV) 

In effect, this displacement amounts to a solvation of the car- 
bonium ion instead of the halide ion. The hypothesis is defin- 
itely controverted by the isolation and analysis of a number of 
colored yet anhydrous perchlorates of the type 

[(C8H5)3C]+[CI04]-' 

(E) 

Furthermore, the hypothesis that the colored ion formed by 
triphenylcarbinol in sulfuric acid has the formula (C6H6)3COH2'^ 
leads to the incorrect conclusion that the molar freezing-point 
depression should be twice rather than four times that of a non- 
electrolyte;* the hypothesis that it is (C6H6)8C0S03H2‘^ is also 
difficult. To judge by the behavior of other alkyl sulfuric acids, 
which are not measurably basic in sulfuric acid, this should 
revert to (C6Hs)3C0S03H. 

Carbonium ions are also formed by the action of sulfuric acid 
on a restricted number of benzoic acid derivatives.^®^ Unlike 
benzoic acid, which simply adds a proton according to equation 
(X), 2 , 4 , 6 -trimethylbenzoic acid produces a fourfold freezing- 
point depression by virtue of a reaction that can only be 

(CH3)8CflH2COOH + 2H2SO4 (CH8)8C8H2C0+ + OH 8 + + 2HSO4- 

(XXV) 

H0FMLA.NN and Kibmbeuthbr, Ber,, 42, 4856 (1909). Gombbro and 
Cone, Ann., 376, 183 (1910). 

Dilthey and Dinklagb, Ber., 62B, 1834 (1929). 
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A careful study of the phenoDoenon has shown that it appears only 
when two alkyl groups are in the ortho position and that it is 
assisted by an alkyl group in the para position. Consistent 
with the ease with which hydroxyl ion is removed from these 
substances by sulfuric acid, their esters are immediately decom- 
posed with removal of CHsO"" when they are dissolved in sulfuric 
acid. Methyl acetate or benzoate is only slowly acted on under 
the same conditions. 

Resonance in the Structure of Ions. — The shifting about of 
electrons, which can be treated so satisfactorily in terms of the 
resonance picture, is even more important in the case of ions 
than it is with electrically neutral substances. With the excep- 
tion of simple aliphatic ammonium and alcoholate ions like 
CH 3 NH 8 + and CHaO-, the resonance phenomenon determines 
or greatly modifies the stability of organic ions. A carboxylate 
ion is a resonance hybrid of the equivalent structures {F) and (60- 
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To form the molecular acid by addition of a proton, energy equal 
to the considerable resonance energy of this symmetrical system 
must be furnished. This hinders the process and is chiefly 
responsible for the fact that formic acid is so much stronger an 
acid than methyl alcohol. There is resonance in the acid also 

o« 0» 

R-C 4— >R-C 

'o-H ^0-H 

(H) 

but the system is not symmetrical, and the resonance energy is 
smaller than in the ion. One might also interpret the situation 
by noting that the resonance distributes the negative charge 
of the ion over both oxygen atoms, reducing the density of 
charge on each and, hence, the intensity of the electrical field 
that attracts the proton. 
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In the same way the relatively high acidity of phenols com- 
pared with aliphatic alcohols may be attributed to a resonance in 
the ion 



A similar resonance exists in molecular phenol (page 28), but its 
effect is less because the proton attached to oxygen reduces the 
number of lone pairs available for the shifts involved in the 
resonance. 

Aniline is stabilized by a resonance 
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which is impossible in anilinium ion and which, therefore, 
decreases the basicity of aniline compared with aliphatic amines. 

The a-hydrogen atoms of ketones are relatively acidic because 
the conjugate base (K) is stabilized by a resonance 
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■which is closely related to that of the carboxylate ions. A similar 
resonance exists in the conjugate bases of amides. When two 
carbonyl groups are present in a suitable position, a larger 
variety of resonating structures becomes possible and the reso- 

O' 6* 6' 

R-c'^ H R-c" H R-C H 

c 0 '< — ► C O'-e — > C O' 

c c c 

s. N 

L R R R -I 

(L) 

nance energy is greater, the ion more stable, and the ketone more 
acidic. 
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Any other kind of unsaturated group may play the same part 
as the carbonyl group in the preceding examples, and the acidity 
of the hydrocarbons listed in Table I may be attributed in every 
case to a resonance of this sort. In the case of triphenylmethide 
ion (ikf) the resonance involves 10 different structures and distrib- 
utes the charge of the ion over all the ortho and para positions 
as well as the methane carbon. 

The conjugate acids of carbonyl compounds also have hybrid 
structures 


6-h o-hT 

❖ ✓ “ 

R-C _>R-C 

R R 

m 

They are neither oxonium ions according to the first structure 
nor carbonium ions according to the second, but something in 
between. The conjugate acids of carboxylic acids possess a 
symmetrical resonance 

0-H 0-H 

R-C < — >R-C 

6“ H 0-H 

iO) 

with a large resonance energy. Consequently, benzoic acid is 
nearly as strong a base as acetophenone (page 271), although in 
the absence of the resonance the greater positive charge on the 
oxygen nucleus of the hydroxyl group would be expected to 
decrease the basicity of the acid. The trimethylbenzoyl ion 
resonates between doubly and triply bound structures 

[R-C-0t^R-C=0']+ 

(P) 

Like the triphenylmethyl radical and the Jiriphenylmethide 
ion the triphenylcarbonium ion is stabilized by a resonance which 
this time distributes the positive charge or deficiency of electrons 
over the ortho and para positions as well as the carbonium 
carbon. 
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r.i^ht Absorption ; Dyestuffs. — ^Absorption of visible or ultra- 
violet light by organic compounds is closely linked with unsatura- 
tion. Both ethylene and carbonyl compounds absorb in reason- 
ably accessible regions of the spectrum. When two or more 
unsaturated groups are conjugated, the intensity of the absorp- 
tion increases, and the region of absorption moves toward longer 



3300 2700 2100 

Wave Leng+h, Angs+rom Uni+s 

Fig. II-l. — The absorption spectra of (1) aniline, (3) anilinium ion, (2) a mixture 

of the two.*® 

wave lengths.®^ In terms of the quantum theory the latter 
effect means that the energy levels of the molecule involved in 
the light absorption are more closely spaced; the former can be 
shown to be related to an increased electric moment in some of the 
resonating structures which may be combined to approximate 
the wave function of the molecule.®® In benzene, naphthalene, 

ssSmaxtjla, Angew. Chem., 47, 657 (1934). Hauser, Kuhn, and Sma- 
KULA, Z. physik. Chem., B29, 363; 371; 378; 384; 391; 417 (1935). Piper 
and Erode, J. Am. Chem. Soc.j 57, 135 (1935). 

Pauling in Gilman, ** Organic Chemistry,” New York, 1938, p. 1888. 




STRUCTURAL THEORY: ELECTROLYTES 


61 


and the like, the absorption becomes much more intense and 
moves to a region not far out of the visible region. In many 
benzene derivatives, it moves still farther into the visible region, 
and the substance becomes colored. 

The electronic systems of such substances are considerably 
distorted by the formation or rupture of a valence bond, and 
this results in changes in light absorption. Figure 1 shows in 
curve 1 the absorption spectrum of molecular aniline, in curve 3 
that of anilinium ion (curve 2 is the absorption of aniline in a 
solution in which it is partly ionized). If human eyes were 
sensitive in the region of 3000a, aniline would be a useful acid- 
base indicator. 

It need therefore occasion no surprise that the conversion of 
triphenylcarbinol, which absorbs strongly in the near ultraviolet, 
to triphenylcarbonium ion should produce a substance the 
intense yellow color of which indicates that it absorbs strongly 
in the violet end of the visible spectrum. The direction of the 
shift in wave length is indeed the expected one. Any change 
that increases the volume accessible to the unsaturation electrons 
produces a shift to longer wave lengths.®® 

The name halochromie was applied to the reversible conversion 
of a colorless to a highly colored compound by strong acid at a 
time when the nature of the reaction involved was not under- 
stood. The typical halochromie compounds are the triphenyl- 
carbinols and substances of the type of benzalacetophenone, 
but the definition would cover a great many simple oxygen 
bases the conjugate acids of which are strongly colored, such 
as anthraquinone and benzoylnaphthalene (page 266). Benzal- 
acetophenone itself gives a twofold freezing-point depression in 
sulfuric acid; hence, the colored substance is simply its conjugate 
acid^®® 
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The resonance also involves the benzene rings and includes a 
structure with a carbon-oxygen double bond. Dibenzalacetone 
and cinnamylacetophenone give fourfold depressions and ionize 
in a more complicated fashion to yield, likewise, highly colored 
products. 

Benzalacetophenone and similar substances form addition 
compounds with stannic chloride of the type {B) which are 
identical in color with the conjugate acids of the ketones.^® The 
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ability of the tin atom in stannic chloride to attain its full shell of 
12 valence electrons by attaching itself to the lone pairs of 
oxygen compounds frequently lends this substance properties 
that closely resemble those of a strong acid.^^ The same thing 
is true in even higher degree of AICI3 and BFs, both of which 
tend strongly to attain a filled shell of eight electrons for the 
metal atom. 

The triphenylmethane dyestuffs are triphenylcarbonium com- 
pounds that have been stabilized by the presence of NH2, 
N(CH3)2, oh, or similar groups in the para positions of at least 
two of the rings. The symmetry of the resulting resonance 
between the structures {S) so stabilizes the ion that it is formed 
from the carbinol by the action of weak acids in aqueous solution. 
At the same time the stabilization renders it more difiScult to add 
a proton to nitrogen, so that the range of acidity over which this 
ion is stable is relatively large."^^ The light absorption in the 
symmetrical system moves toward longer wave lengths yielding 
green, blue, and violet dyes. The carbinol is colorless, and the 
doubly positive and unsymmetrical ion obtained by adding a 

Pi^rFFBH, ^‘Orgardsche Molek-ulverbindungen,” Stuttgart, 1927. 

Lewis, iT. Franklin Inst., 226, 293 (1938). 

ScHWARZBNBAGH, Bbajtdbnburgbr, Ott, and Haggee, Hdv. Chim. 
Acta, 20, 490 (1937), Schwaezbnbach and Ott, Md., 20, 627 (1937). 
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proton to one of the nitrogens in {S) has the yellow color of 
tripheilylcarbonium ion. Many other problems in color and 
constitution may probably be clarified by the same kind of 
reasoning as that which Schwarzenbach has so successfully 



employed with the triphenylmethane dyes. Much in the way 
of data and empirical generalization in this field is already 
available.*^® 

Localization and Distribution of Charge : Dipolar or Zwitter 
Ions. — ^When only saturated structures are involved, the charge 
on an ion may fairly well be represented as localized on a partic- 

** Dilteckt and Wizingbe, J, praM, Chem,, 118 , 321 (1928). Burawot, ^ 
Ber,, 63B, 3156 (1930); 64B, 462 (1931). 
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ular atom. A formal charge may be calculated for each atom 
in the molecule by algebraic addition of the positive charge on 
its nucleus with one unit of negative charge for each unshared 
electron and one-half unit for each shared electron assignable 
to the atom in question.*^^ This charge usually vanishes for each 
of the atoms in a neutral molecule and for all but one of the 
atoms in a singly charged ion. Thus the nitrogen atom in 
ammonia has a nuclear charge of +7, it possesses two w'hoUy 
owned Is electrons, two wholly owned electrons in the lone pair, 
and a half share in each of the six electrons that bond the three 
hydrogens. The formal charge is, therefore, 

-l-7-2-2-34*6 = 0. 

In ammonium ion the lone pair has become a shared pair, and the 
formal charge is +7 — 2 “ • 8 = +1. 

In unsaturated substances the formal charge is the weighted 
mean of the charges that the atom possesses in the various 
resonating structures. Thus in the formal charge on 

carbon is +1; in triphenylcarbonium ion the charge on the 
methyl carbon is less than 1 because of the participation of 
resonance structures in which the charge is on the ortho and para 
carbon atoms. 

In special cases an extremely uneven distribution of charge 
may exist in a neutral molecule. Thus the aliphatic amino acids 
exist chiefly in the form (T) rather than the form {U) which 
differs in the position of one hydrogen. In (T) the formal 
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charge on nitrogen is +1, that on each of the oxygens is K; in 
( [/) it is zero on all atoms. Molecules with charge distributions 
like that of (T) are called dipolar ions or Zwitterionen.^^ The 
evidence that they represent the predominant form of the aJi- 

^ Pauling in GimAN, '' Organic Obemistiy,” New York, 1938, p. 1864. 

" Bbbdig, Z. physih Chem,, 13, 323 (1894). Kt^STBR, Z. anorg, dOgem. 
Chem., 13, 136 (1897). 
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phatic amino acids is as follows. The amino acids are, in the 
first place, much too weak to fit structure {TJ). The pZo for 
glycine is 9.75, compared with 4.75 for acetic acid. The acid 
strength is however reasonable for structure (T).^® Further, 
the formaldehyde derivatives (7) have the strengths of ordinary 

H2CSN-CH2-COOH 

(7) 

carboxylic acids.**® Similar evidence is derived from the com- 
parison of the base strengths of amino acids with those of their 
esters.**^ The very high dielectric constant of aqueous solutions 
of the amino acids is consistent with the large dipole moment that 
structure {T) must possess,*® and the similarity of the Raman 
spectrum to that of carboxylate ions and the absence of the lines 
characteristic of the COOH and of the NH 2 groups offer further 
evidence.*® 

Aminobenzoic acids, unlike the aliphatic compounds, exist 
mostly in a form analogous to {V), but sulfanilic acid and the 
like are present predominantly in the dipolar ion form.*®'*® 
Carbomtim Ions and Carbanions as Reaction Intermediates. — 
Although the existence of carbonium ions and carbanions can be 
directly demonstrated only in those cases where they are so 
stabilized by resonance that their concentration becomes large, 
there is no reason to doubt their presence in smaller concentra- 
tions in other cases. Indeed the phrase stabilized by reso- 
nance^' implies their existence in the absence of the resonance and 
a continuous increase in concentration as the extent of the 
stabilization increases. In particular, they may very probably 
appear as transient intermediates in the course of reactions that 
lead from noniordc reactants to nonionic products. The recog- 
nition of this possibility®® has played an important part in the 

Bjerrum, Z, phydk. Chem.j 104, 147 (1923). 

Ebert, Z. phydh, Chem,, 121, 385 (1926). Edsale and Birchard, 
J*. Am. Chem. Soc., 66, 2337 (1933). 

^ Hbdbstranb, Z. physikj 136, 36 (1928). 

« Edsall, /. Chem. Phys., 4, 1 (1936); 6, 225 (1937). 

60 Meerwbin and vait Emster, Ber,, 66, 2500 (1922). HIanhart and 
Ingold, J. Chem. Soc.^ 997 (1927), Ward, ihid.j 2285 (1927). Whitmore, 
Am. Chem. Soc.^ 64, 3274 (1932). Arndt and Eistbrt, Ber., 69B, 2381 
(1936). BLA.irsBR and Rentrow, J. Am. Chem. Soc.j 69, 1823 (1937). 
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recent rapid development of the understanding of reaction 
mechanisms in organic chemistry. 

Configuration of Tercovalent Carbon. — ^When four different 
groups are attached to one carbon atom, the molecule is (unless 
there is internal compensation as in mesotartaric acid) devoid 
of center and planes of symmetry. Consequently, the substance 
concerned is capable of existence in optically active forms. If 
one of the groups is removed, three situations may arise. (1) 
The remaining three groups may retain essentially their original 
configuration, in which case the ion or radical thus formed will 
be capable of optical activity. If this is so, the product formed 
from an active reactant by way of the ion or radical will be 
active. (2) The ion or radical may settle down into a form in 
which the three groups and the central carbon atom lie in a 
plane. Since this is a plane of symmetry, there is no possibility 
of activity. (3) Finally, the asymmetric form may be stable, 
but the energy of activation required to convert one enantio- 
morph into the other may be so small that the molecule oscillates 
rapidly between dextro and levo forms. In this case optical 
activity is possible in principle, but racemization is so rapid that 
the active forms cannot be isolated. The reaction product 
produced by way of such an intermediate from an active reactant 
will be racemized to an extent that depends upon the relative, 
rates of the conversion of the intermediate to its enantiomorph 
and to nonracemizing products. 

There is little basis, either theoretical or experimental, on 
which to choose among these alternatives when the central atom 
is carbon, but two of them are clearly recognizable with other 
elements. The first case appears with the optically active 
sulfonium ions in which sulfur is linked to three different groups 
as in These ions are certainly present in the conducting 

r CH. y .6. _ .0. 

LCsHs-S-CHsCOOHj R-S-O-R R'-S-R" 

' m \x) . (io 

solutions of the sulfonium halides, and it is difficult to see how 
the ion could form a valence link to halide ion under any con- 

“PoPM and Peachbt, J, Chem. Soc., 77, 1072 (1900). Smiles, ibid., 
77, 1174 (1900). 
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ditions. A similar configuration appears in the likewise active 
sulfinic esters {X) and sulfoxides (7).^^ 

’The third alternative, that of rapid racemization, is repre- 
sented by tercovalent nitrogen compounds. The pyramidal 
structure of ammonia (pages 15, 33), if it is also present in 
amines, should lead to activity when three different groups are 
attached to nitrogen. Nevertheless, no optically active sub- 
stance the activity of which rests unambiguously upon this kind 
of structure has been obtained in spite of much investigation. 

Both amines and the active sulfur compounds carry a lone 
pair on the asymmetric atom and are therefore analogous to a 
carbanion. One might therefore expect the possibility of 
rapidly racemizing active forms of carbanions. It must be 
remembered, however, that the pyramidal form cannot be much 
more stable than a planar form in which the wave functions of 
the two unshared electrons lie symmetrically above and below 
the plane of the nuclei in the same way as does that of the odd 
electron in the methyl radical (page 16). 

A stable asymmetric structure has been suggested for ter- 
covalent carbon in the anion that is the conjugate base of an 
aliphatic nitrocompound.®^ The usually accepted structure 
may be interpreted as the hybrid (7). 
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The relatively high acidity of the nitrocompound must be 
attributed to the predominance of the first of these structures in 
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Phillips, J, Chem. Soc.j 127, 2552 (1925); Habrison, Phillips, and 
Kenton, 2079 (1926). 

Ktthn and Albrecht, Ber., 60, 1297 (1927). Shriner and Young, 
J*. Am. Chem, Soc„ 62, 3332 (1930). 
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the ion, because only in this is the electron pair that links the 
hydrogen otherwise involved in the ion. Since this structure 
possesses a plane of symmetry, the optical activity of the ion 
is not accounted for. The structure (AA), which has a.lso been 
proposed for these ions,®^ would, however, be asymmetric. 

One other case in which a stable optically active carbanion is 
formed has been reported.^® On the other hand, there is much 
kinetic evidence (page 98) that the products formed from active 
reactants by way of carbanions are completely racemic. 

There is no evidence for the stable existence of optically active 
radicals or carbonium ions. The negative evidence is not 
entirely convincing, for the only compounds that can be isolated 
are stabilized by resonance (pages 30, 59) in a way, involving 
double bonding of the asymmetric carbon, that must strongly 
favor a planar and inactive configuration. The possibility of 
active carbonium ions as unstable intermediates is an involved 
question (Chap. VI), 

®*Hollbman, Rec. irav. ckim.j 13, 405 (1894). 

Wallis and Adams, J, Am. Chem, Soc.j 66, 3838 (1933) 



CHAPTER III 

EQUILIBRIUM AND ENERGY OF REACTION 


The Boltzmann Principle. — The fundamental principle that 
describes the behavior of chemical and physical systems at 
equilibrium is the Boltzmann expression^ 

N = Ape-^/^^ (1) 

N is the number of molecules present at equilibrium in a state 
in which the energy per molecule is e; A is a proportionality 
constant; p, the a priori probability y is a factor that expresses 
the number of fundamentally different ways in which the energy e 
can be attained; k is the Boltzmann constant defined by 



and T is the absolute temperature. The principle may be 
derived from more abstract considerations of probabilities, but 
the justification for these as for the Boltzmann expression itself 
is the widespread applicability of the expression. 

The Barometric Formula. — familiar example of the Boltz- 
mann principle is the way in which the molecules of the earth's 
atmosphere distribute themselves in its gravitational field. The 
energy is given by 

€ = mgh (3) 

where m is the mass of the molecule, g the gravitational constant, 
and h the height above some arbitrary ^^sea level” at which the 
energy is taken to be zero. The factor p is unity; hence, 

N = (4) 

1 Standard texts on statistical mechanics are Fowler, Statistical 
Mechanics/' Cambridge, 1936, and Tolman, **The Principles of Statistical 
Mechanics," Oxford, 1938. An elementary treatment is given in Ubbe- 
lohde, Modem Thermodynamical Principles," Oxford, 1937. 
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The number of molecules may be replaced by the pressure P, 
which is proportional to it; the ratio m/k may be conyerted to 
M/R, where M is the molecular weight, by multiplying both 
numerator and denominator by N ; and the constant A evaluated 
as the pressure Po at sea level by substituting A == 0 and P = Po 
in equation (4). The result 

p = p^Q-Mgh/RT (5) 


is the usual form of the barometric formula, a familiar, exact, and 
useful equation. 



gravitational field. 

Figure 1 shows how the pressure varies with the height, 
approaching but never attaining zero. The rate of decrease is 
greater, the lower the temperature and the greater the molecular 
weight. The same equation applies to the distribution of 
colloidal molecules in a supercentrifuge except that a much 
larger centrifugal acceleration replaces g, k similar expression 
describes the distribution of ions in an electrical field and is at 
the basis of all modern theories of the properties of electrolytes. 

The Maxwell Distribution of Translational Velocities. — 
Because of its motion through space, a molecule in a gas possesses 
an energy 

1 2 

e = 


( 6 ) 
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in which v is the velocity. Since any given velocity and energy 
may be attained by a variety of directions of motion, the factor 
p of equation (1) may no longer be set equal to unity but may be 
shown to have a value proportional to v^. The value of A may 
be derived from the fact that the total number of molecules 
must equal the sum of the numbers having the various velocities. 
The complete Maxwell equation is 

in which dN is the number of molecules the velocities of which lie 
between v and v + dt;. Because of the factor this expression 
has a zero value when z; = 0 and first rises and then falls with 
increasing v. The equation has been amply verified both by 
direct measurement of the velocities and through a wide variety 
of corollaries.^ 

Internal Kinetic Energy : Quantization. — ^Aside from the trans- 
lational energy of its motion through space, a molecule possesses 
internal energy due to its electronic system, to the rotational 
motion of the molecule about its center of gravity, and to the 
motions of the atoms with respect to each other within the 
molecule. Unlike translational motion, the energy of which is 
continuously variable [hence the differentials in equation (7)], 
the internal energy may possess only certain sharply defined 
values (page 3) and is said to be quantized. The permitted 
values of the energy may be determined from the study of the 
spectrum and in certain cases may be derived from the Schro- 
dinger equation (page 5). Thus the energy of vibration of 
two atoms in a diatomic molecule takes values that, to a good 
approximation, are represented by the equation 



in which v, the vibrational quantum number, may be any integer 
and €o is a constant the value of which is determined by the masses 
of the vibrating particles and the force law operating between 
them. Its value is greater, the lighter the particles and the 

2 Discussed by Herzfeld and Smallwood in Taylor, ^‘Treatise on Physical 
Chemistry,’’ p. 110, New York, 1931. 
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more stMy they are bound together. This equation permits the 
vibrational energy to have only the values 3^€o, ^^€o; etc. 
By the Boltzmann principle the numbers of molecules having 
each of these amounts of energy will be proportional to the 
quantities 

Q’-H^o/kT etc. 

respectively. The proportionality constant may be obtained by 
noting that the total number of molecules N must equal the 
sum of the numbers in the various energy states 


JV' = (9) 

Hence the fraction N^/N in the state of quantum number v is 


It is a characteristic and important consequence of the exponen- 
tial form of this equation that there is a temperature below 
which practically all the molecules are in the state of lowest 
energy, J^€a. This is shown in Table I in which the fraction of 
molecules in various levels at various temperatures is calculated 
for a value of €o of 5.52 X 10”^^ erg. 


Table I 


Fraction of molecules in state for which, v equals 


K 

0 

1 

1 

2 

1 

3 

4 

400 

0.632 

0.232 

0.086 

0.020 

0.007 

200 

0.866 

0.117 

0.016 

0.002 

0.000 

133 

0.949 


0.002 

0.000 

0.000 

100 

0.981 

■m 

0.000 

0.000 

0.000 

80 

0.993 

0.007 

0.000 

0.000 

0.000 


When the temperature is so low that practically all the mole- 
cules are in the state of lowest vibrational energy, the vibrational 
energy is said to be frozen out Freezing out occurs with any 
quantized energy, the temperature required depending upon the 
forin of the equation which determines the permitted energies of 
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the system. The more closely spaced the energy levels [e.g., 
the smaller the value of eo in equation (8)], the lower the temper- 
ature necessary to freeze out the energy in question. 

Eguilibritim in an Isomeric Change. — The Boltzmann principle 
also determines the equilibrium in a chemical reaction such as the 
conversion of the ketonic form of acetacetic ester to the enolic 
form. When the symbols K and E are used for the two forms, 
the condition for equilibrium is 


m 

[K] 


- K 


( 11 ) 


If the temperature is so low that the internal vibrational and 
rotational energies of the two molecules are frozen out, all the 
molecules of the keto form are in the same state of energy ejc, and 
all the enol molecules have the energy According to the 
Boltzmann equation the number of enol molecules is given by 


Ne = (12) 

and the number of keto molecules by 

Ne = (13) 

By dividing one equation by the other, 

^ = (14) 


Since e/fe may be replaced by E/R with E the energy per mole 
and since the ratio of the numbers of molecules of the two kinds 
is equal to the ratio of their concentrations, z.e., to the equilib- 
rium constant jfiC, equation (14) reduces to 

K. = 'j 

or > (15) 

AEo = - RT In K) 

in which AEo is the energy per mole of enol form minus that of 
keto form. Since volume changes are not involved, AEo is 
practically identical with the heat of reaction at constant pres- 
sure AH. 

Unfortunately, this simple equation is not in general applicable 
to systems at ordinary temperatures because the vibrational and 
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rotational energies are not frozen out. Consequently, the enol 
molecules exist in a variety of states ef, ef, ef, etc., and the 
number of molecules in each of these is 

The total number of enol molecules is the sum of all these terms, 
and the total number of keto molecules is the sum of a similar 
series involving the various energies that a keto molecule may 
possess. Dividing one of these by the other gives the equilibrium 
constant K in the form 


a much more diflS.cult expression than equation (15). It may be 
formally simplified in a way that points up the problem involved 
by defining a 'partition function fs of the enol form by the equation 

A - P? + + pie-(e.^-eo^/kT + . . . (17) 


and a partition function fs for the keto form by a similar equa- 
tion. Since 


Q-^o^/kT _ 


AJSo/RT 


(18) 


where AEo has the same meaning as in equation (15), i.e., the 
energy of reaction per mole at temperatures so low that vibra- 
tional and rotational energies are frozen out, equation (16) can 
be put in the form 

K == -^ABo/RT \ 

fs I 

or \ (19) 

A(?» = -RT hiK = AEo- RT In (^j 

AO^ is the standard free-energy change of the reaction, the AF^ 
of the symbolism used by G. N. Lewis.® 

An expression for the heat of reaction may be derived from the 
following considerations: Differentiation of the definition of the 
partition function (17) leads to 
* Lewis and RANDAnn, ‘‘XiiermodyTiamics,” New York, 1923. 
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_ Pi(«i ' 

dr 


^e- 


(ei - . 


. (a - to)/kT _|. 


( 20 ) 


kT^ - ■ ftp 

On multiplication by kT^/f, this leads, in view of df/f = d In/, to 

— (« “ eo)/kT 


kT<^ - (« - »)•! 


+ 








.0— (ei— «o)/ftr 


( 21 ) 


Each term on the right of this equation is the product of a 
quantity ei — €o, «2 — eo, etc., which is the excess of energy of a 
molecule in a given state over that in the state of lowest energy, 
by a Boltzmann factor which gives the fraction of the molecules 
in, that state. The sum on the right is therefore the average 
excess energy of all the molecules. If both sides of the equation 
are multiplied by N, the right side becomes the excess energy per 
mole over the energy in the lowest state. Hence, 


= E-Eo 


( 22 ) 


Differentiation of equation (19) and insertion of the values of 
d In f/dT from equation (22) lead to 


^y,d^ = AEo + (E* - Ef) - (E^ - E^) 


and 


dr 


= E^ 
dr 




(23) 


124) 


Since volume changes are not involved, the difference E^ — E^ 
is identical with the heat of reaction AH. The statistical treat- 
ment is therefore consistent with the well-known thermodynamic 
formula 


AH = i?r*' 


dlnE: 

dr 


(25) 


From equations (22), (23), and (25), it follows that 
AH = AEo + 

Equations (19) and (26) are the foundations of all theoretical 
studies of chemical equilibrium. They have been amply veri- 


(26) 
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fied by studies on reactions involving only those simple molecules 
for which the energy levels necessary for the calculation of the 
partition functions may be determined spectroscopically.'* 
Their utility is brilliantly confirmed by their function as the 
basis of all modern investigations on isotope separation.® In 
the form of the third law of thermodynamics,® they have been 
verified in a large variety of other cases in terms of the following 
considerations : By a well-known thermodynamic formula 

^ = ACf (27) 

where ACp is the difference in heat capacities of products and 
reactants, it follows that 

LH - AEo = (28) 

because the heat of reaction must necessarily approach AE(^ when, 
by the approach of the temperature to the absolute zero, the 
vibrational and rotational energies become frozen out. By 
comparison with equation (26), it follows that 

RT^ ^ (29) 

From this equation and the knowledge that the fs approach 
unity at low temperatures, it is possible to calculate the quan- 
tity fs/fK from measurements of the specific heat of reactants and 
products over the range of temperature from absolute zero to the 
temperature of reaction. 

Potential Energies and Einetic Energies in Reacting Systems. 

Because of the presence in equations (19) and (26) of terms 
involving the partition functions and because these involve the 
kinetic energies of vibration and rotation, any approach to the 
effect of structure upon equilibrium or heat of reaction that treats 
a molecule as a rigid lifeless structure can be no more than the 
crudest approximation. The liveliness, the flexibility that is 
characteristic of a complicated organic molecule, is not lost 
even at the absolute zero; for it is an amply verified conclusion 

* Giauqot, J, Am- Chem. Soc.^ 52, 4816 (1930), 

^E,g., XJrbt and Gehjifp, J. Am. Chem. Soc., 67, 321 (1935). 
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of the quantum theory that the lowest energy state of a vibrating 
system is not a state in which there is no energy of vibration. 
In the case represented by equation (8) the smallest value that 
the quantum number v may have is zero, since the energy cannot 
be negative. But when z; = 0, the vibrating system still pos- 
sesses the energy 3^eo, which is called its zero-point energy. Con- 
sequently the J5o of equations (19) and (26) involves kinetic as 
well as potential energies, and the equations may profitably be 
expanded to 

LQ° = -RT hiK = + 6JE^- RT la (30) 

AF = AFp + LEz + RTAh.^lM (31) 

Here LEp is the difference in potential energy per mole between 
reactants and products and AEz the difference in zero-point 
energy. 

Any consideration of equilibrium or of heat of reaction must 
therefore involve two different effects. The term LEp in equa- 
tions (30) and (31) is the energy change that would accompany 
the reaction if both reactants and products could be completely 
deprived of their energy of motion. This is the quantity in 
terms of which such concepts as energy of linkage, resonance 
energy, electron displacements, and dipole fields must be dis- 
cussed. But neither equilibrium constant nor heat of reaction 
is in general determined by A^p alone, the quantity LEz and the 
terms involving the partition functions are of coordinate impor- 
tance, and these involve a knowledge of the kinds of vibrational 
and rotational motion that the molecule can execute. 

There are two possible experimental approaches to the deter- 
mination of the zero-point energy and the partition function of 
a molecule. In simple cases the energy levels may be deter- 
mined spectroscopically; in general, heat-capacity measurements 
at low temperatures may be applied (page 76). In most cases 
data are unavailable at present for either approach. 

It is important to avoid confusion of these statistical and 
structural considerations with those derived from the thermo- 
dynamic formula 


- AH - T^&^ 


(32) 
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which may be taken as a definition of the entropy S. Formally, 
this equation represents the free-energy change as the difference 
between two quantities, the heat of reaction AJ? and the tempera- 
ture entropy product TA/S®, but the separation is of no assistance 
in the problem of structure and reactivity because AJ? depends 
upon both kinetic and potential energies and is likely to differ 
from AjEp quite as much as AG° does. 

Fortunately, there is an experimentally recognizable special 
case in which the effect of the kinetic energies is negligible. If 

= -RTlnK = AJ? (33) 

and therefore 

AS° = 0 (34) 

it is a necessary result of equations (30) and (31) that both 
In and [d In (JsffK)y^T are zero and consequently that 

fx/fK is equal to 1 and remains 1 at all temperatures. This can 
be true only if the energy-level spacings of reactants and products 
are identical, which implies that their zero-point energies are also 
equal and that AE^ = 0. If therefore equation (33) or (34) is 
satisfied experimentally, it follows that 

= Aiy = A(?° == ^RT In K (35) 

and either — In K or AH may be taken as a measure of the 
difference in potential energy between reactants and products. 
The condition of equation (33) or (34) can be satisfied only in 
reactions in which there is no change in the number of molecules; 
otherwise, the kinetic energy of translation complicates the 
situation. Most problems in structural organic chemistry may, 
however, be reduced to the study of reactions of this type. 

An Example of Equilibrium in a Nonionic System. — The addi- 
tion of bromine to phenanthrene® 

CmHio + Br2 ^ Ci4HioBr2 (I) 

involves a change in the number of molecules; the reaction 

Ci4HioBr2 “h XC 14 H 9 ^ Ci4Hio -}- XCi4H9Br2 (II) 

does not. Yet the problem of the effect of the substituent X 
upon the equilibrium of the bromine addition reduces to that 
of the equilibrium in reaction (II). The equilibrium constant 

« Fussbjr and Pbicb, J, Am- Chem. Soc,, 50, 1838 (1936). 
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of reaction (II) is the ratio of the equilibrium constants of reaction 
(I) and of the reaction 




XC14H9 + Bra XC^HeBra (III) 




Kui 

ifi 


(36) 


Further, the values of such thermodynamic quantities as Aff, 
AG°, and AS° for reaction (II) are the differences in the corre- 
sponding quantities for reactions (I) and (III), e.g., 

AHu = A H TXT — AHi (37) 


Tajble II. — Thermodynamic Data for the Phenantheenb-bromine 

Reaction at 25°c® 


X 

K 


AH 

AS° 

2 -C 02 H 

0.730 

+187 

- 3380 

- 12 

3-COsH 

0.404 

+538 


- 2 

2 -CO 2 CH 3 

0.726 

+190 


- 16 

3 -CO 2 CH 3 

0.561 

+343 


- 17 

2-Cl 

0.691 



- 36 

3-Cl 

0.739 

+179 

- 8170 

- 28 

2-Br 

0.661 

+246 

- 8400 

- 29 

3-Br 

0.661 

+246 

- 5830 

: - 20 

2~£-04ll9 

1.39 

-196 

+ 4270 

i + 15 

3-i-ClH9 


-420 

- 5240 

- 19 


Probable error in AS ° 5 cal./deg. 


Values of jK, AG°, AH, and AS° for reaction (II) with various 
substituents X are listed in Table II. It will be noted that 
AS® is large (an increase in AS® of 4.6 cal./deg. corresponds to a 
tenfold increase in K) and that AH is several times larger than 
A(?® as well as opposite in sign in most cases. 

The frequently made assumption that the effect of a change 
in structure upon free energy and upon heat of reaction must 
necessarily be identical is therefore contrary to the experimental 
evidence as well as unfounded in theory. The assumption that 
either experimental quantity may always be taken as a measure 
of the potential energy change AEp is equally unjustified. It 
would consequently be entirely incorrect to argue from the free- 
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energy data of Table II that the substitution of a carboxyl or 
halogen group makes the binding of bromine to carbon weaker or 
increases the resonance energy of the central ring in phenanthrene. 
It would be quite as incorrect to argue from the heats of reaction 
that these substituents have an opposite effect. 

The Ionization of Acids. — Strictly speaking, any consideration 
of equilibrium in a reaction in solution must include the mole- 
cules of the solvent, at least in so far as their potential energy 
or the kinetic energy of their motions is affected by the presence 
of the solute molecules. This effect is especially important in 
reactions involving ions because the very existence of ions in 
solution is intimately connected with powerful interactions 
between ions and solvent molecules (page 39). A possible 
and, in the case of the Debye-Hiickel theory of electrolyiies, 
satisfactory approximation to this difficult problem is to treat 
the interaction between ion and solvent in terms of the energy 
of a charged body in a dielectric medium. A spherical body 
of radius r which carries a charge e evenly distributed over its 
surface and which is immersed in a medium of dielectric constant 
€ possesses an electrostatic energy Eei given by 


Eel = 


2€r 


(38) 


If it were possible to treat the ions Ai and A 2 in the reaction 

HAi + A2“ Ai" + HA 2 (IV) 

as spheres of this sort, the free-energy change of the reaction 
would be the sum of an energy change independent of the medium 
AEn and the electrostatic energy change; hence, 

AG° = -RT ]iiK = AE„ + ^ (39) 

Real ions like acetate or benzoate are not, however, spherical, 
nor is their distribution of charge symmetrical. In acetate ion 
the charge is largely concentrated on the carboxylate group, 
in benzoate ion it is partly distributed over the benzene ring 
(page 56). An exact analysis of so complicated a situation 
must be very difficult, but certain features of the result are 
easily determined. The electrostatic energy is greater, the more 
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highly concentrated the charge; acetate ion must therefore 
have a larger value than benzoate ion. To a first approximation 
it varies inversely as the dielectric constant, and to this approxi- 
mation equation (39) may be replaced by 

-RT \vlK = E^ + ^ (40) 


in which A is a function of the size, shape, and charge distribution 
of the ions Ai an.d A 2 . The approximation is inexact because 
the distribution of charge on the ion must be affected by the 
dielectric constant of the medium in which it is immersed. 

Another approach to the same problem is by way of the dipole 
field of the substituent. If the ions Ai and A 2 are p-chlorben- 
zoate and benzoate, respectively, the C — Cl group possesses 
a dipole moment by virtue of which the work required to transfer 
a proton from chlorbenzoic acid to benzoate ion includes an 
electrostatic energy which is given to a first approximation by 


« eyL cos B 

Eel = 




(41) 


in which /z cos B is determined by the magnitudes and directions 
in space of the dipole moments of the C — Cl and the C — 
groups and r is the distance from the substituent to the ionizable 
proton. 

To a much better approximation the dielectric constant of the 
solvent may be replaced by an effective dielectric constant which 
takes account of the fact that the lines of force from substituent 
to proton proceed partly through the ion itself, which has a low 
dielectric constant, and partly through the solvent medium, 
which has a high one.^ The magnitude of the effective dielectric 
constant depends upon the shape and size of the ion and has been 
calculated for certain favorable cases. 

Either approximation, that represented by equation (39) or 
that of equation (41), predicts that the free energy of a reaction 
of the type of (IV) should be a linear function of 1/e, a prediction 

^ KiRKWOon and WnsTHEBiER, J. Chem, Phys., 6, 606 (1938). Wbst- 
HEiMBR and Kirkwood, ibid., 6, 513 (1938). Westhkhcbr and Shookhow, 
J. Am. Chem. Soc,, 61, 556 (1939). 
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that is approximately satisfied by the experimental data.® 
Figure 2, based on recent data,® plots the values of 

{2.Z0ZRT) 

against 1/e for a series of reactions of the type 

HA 4- CfiHfiCOO- ;?± A- + CeHfiCOOH (V) 

K is, therefore, equal to the ionization constant of the acid HA 
divided by that of benzoic acid, and the problem is that of the 



Fig. III-2. — ^Variation of relative strengths of acids with dielectric constant.® 

effect of structure on the equilibrium of the ionization of an acid, 
not that of the absolute properties of the equilibrium itself. The 
points at an abscissa of 0.0128 were obtained from measurements 
in water, those at 0.0317 from methanol, and those at 0.041 from 

8 Wtnnb-Jonbs, Proc, Roy. Soc. (London), A140, 440 (1933). 

8 Minnick and Kilpatbick:, J, Phys, Chem., 43, 259 (1939). 
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measurements in ethanol, in a dioxane-water mixture of the same 
dielectric constant, or from both sources. Points for salicylic 
acid, almost coincident with those for chloracetic acid, are omitted 
as are also points for two phenols, the 2,4- and 2,6-dinitro deriva- 
tives. For the carboxylic acids the linearity predicted is approxi- 
mately satisfied, and the points for the two quite different media 
of the same dielectric constant do not differ widely. The data 
for the phenols, on the other hand, show wide disagreement. 
When the HA in equation (V) is 2,4-dimtrophenol, log K has the 
value 0.191 in water, 1.559 in methanol, 1.921 in ethanol, and 
1.451 in the dioxane-water mixture. Apparently the approxi- 
mations involved in equation (40) or (41) are valid only when 
the structure of the ionizing group is the same in the two acids 
concerned. 

Because the dielectric constant is a function of temperature, 
the introduction of an energy dependent upon the dielectric 
constant into the Boltzmann expression leads to new complica- 
tions in the treatment of heats and entropies of reaction. In the 
favorable case where the partition functions involving the internal 
kinetic energies cancel between reactants and products, so that 
the Boltzmann expression takes the form 

K = (42) 

the free energy is given by 

A(?® = ^ (43) 

The heat of reaction, obtained by differentiation of In JT [equa- 
tion (25)], is given by 

= + ^ + (44) 

and differs from the free energy by virtue of the last term. The 
entropy is therefore not zero 

= (46) 

(a) Hammett, /. Chem. Phys., 4, 613 (1936). (6) Gurnet, ibid., 6, 499 

(1938). 
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An especially simple case arises wheii the nonelectrostatic 
energy jB« is negligible compared with the electrostatic energy 
A/e, for then 

^Q° = Y (46) 

and 

(47) 

The factor (d In €)Jd.T has the value of —0.005 in water. 

Table III shows that AS® is in fact close to — 0.005A(?® for 
reactions of the type 

XC6H4COOH + CcHfiCOO- ;=± XC8H4COO- + C6H5COOH (VI) 
provided that X is a naeta or a para substituent (first five items 
of the table). On the other hand, the relation most certainly 
fails for ortho substituents. Table IV shows that it is likewise 
invalid for reactions of the type 

RCOOH + HCOO- RCOO- + HCOOH (VI I) 

The data used in Table IV^^® represent the only precise infor- 
mation available on heats and entropies of ionization. However 


Table III. — Effect of Substituents on the Ionization of Benzoic 
A ciDio* Data for 25®C. 








A logic 

771-N02 benzoic 

6.24 

- 980 

+ 350 

+4.5 

+ 

4.9 

-0.35 

mr-I benzoic 

2.00 

- 410 

+ 90 

+1.7 

+ 

2.1 

-0.22* 

Tn-CHg benzoic 

0.85 

+ 100 

+ 120 

0.0 

— 

0.5 

+0.04 

y-OCHs benzoic 

0.50 

+ 410 

+ 110 

-1.0 

— 

2.1 

+0.12 

benzoic 

0,68 

+ 230 

+ 210 

0.0 

— 

1.2 

+0.04 

0-N02 benzoic 

96.4 

-2690 

-2960 

-0.9 

+13.6 

+0.27 

o-OH benzoic 

15.6 

-1630 

H- 670 

+7.7 

+ 

8.2 

-0.27 

o-I benzoic 

19.8 

-1770 

-2310 

-1.8 

+ 

8.9 


o-Cl benzoic 

19.3 

-1750 

-2290 

-1.8 

+ 

8.8 

+0.28 

o-CHa benzoic 

1.93 

- 390 

+1230 

-2.8 

+ 

2.0 

+0.28 


* This is the value for m-Cl bensoic. The value for wi-I benzoic should be nearly 
identical. 


(a) Harnbd and Embrbe, J, Am. Ckem, Soc,, 66, 1042 (1934). Harnbd 
and Ehlers, 64, 1360 (1932)^ 66, 662^ 2379 (1933). Barneb and 

SuTHERLANB, 66, 2039 (1934). Wright, iUd ., 66, 314 (1934); Nnrs, 

ihid,, 68, 987 (1936). Nims and Smith, J. Biol, Chem,j 113, 146 (1936). 
(6) ScHALLER, Z, phynh Chem,, 26, 497 (1898). 
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the data of Table III derive from measurements by a single 
careful investigator under constant conditions and in the 


Table IV. — Effect of Strtjctttbe on the Ionization of Aliphatic 
Acids^o® Data for 25°C. 


Acid BCOOH 

K 


AH 

A8^ 

1 

0 

1 
o 

AlogJ? 

Acetic 

0.0990 

+1372 

- 99 

-4.94 

-6.9 

+0.13 

Propionic 

0.0754 

+1533 

- 155 

-5.67 

-7.7 

+0.40 

Butyric 

0.0855 

+1460 

- 678 

-7.17 

-7.3 

+0.37 

CMoracetic 

7.78 

-1216 

-1157 

+0.20 

+6.1 

+0.27 

GlycoUic 

0.833 

+ 109 

+ 223 

+0.38 

+0.65 


Lactic 

0.775 

+ 147 

- 14 

-0.64 

-0.74 



same apparatus. Under these conditions many of the errors 
vanish that might affect the results as absolute measures of 
ionization constant or of heat of ionization, for only ratios of 
ionization constants and differences in heats of ionization are 
involved. 

More generally, equation (42) and its corollaries predict a 
relation between the effect of a change in the solvent at constant 
temperature and the effect of a change in temperature in a con- 
stant solvent. Differentiation of equation (42) with respect to 


6 leads to 


6 In iT _ A 

(48) 

a* 

from which together with equation (45) 


a In K/d€ ~ dr 

(49) 


In this equation the parameter A, the only quantity that depends 
upon the nature of the acid, has disappeared. Unfortunately, 
no exact figures for the quantity {d In K)Jde are available, but 
quantities are known that are proportional to these derivatives. 
These are the differences between the values of log K in water 
and in butyl alcohoP^ listed as A log K in Tables III and IV. 
Since the measurements in butyl alcohol were made in the 
presence of much lithium chloride (page 94), a large salt effect 
is superimposed upon the effect of the change in dielectric con- 
« Wooten and Hammett, /. Am. Ohem, iSfoc., 57, 2289 (1936). 
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stant. The salt effect arises, according to the theory of Debye 
and Hiickel, from the tendency of an ion to cluster ions of 
opposite charge around itself and to build up an ionic atmos'phere 
of predominantly opposite charge. The electric field due to the 
atmosphere acts to lower the energy of the ion, which, according 
to equation (40) or (41), is the same effect that an increase in 
dielectric constant would have. Consequently, measurements 
made in the presence of a high concentration of ions in butyl 
alcohol are equivalent to measurements made at low ionic 



derivatives witli the effect of changing medium on relative acid strength. 

strength in a solvent of appreciably higher dielectric constant. 
JThe difference in log K between water and butyl alcohol must 
therefore be proportional to {d In jfiQ/de although the propor- 
tionality constant is unknown. 

/ Figure 3 shows that a plot of AS^ against A log K does approxi- 
mate moderately well to a straight line through the origin for 
the aromatic acids of Table III, including the ortho substituted 
ones. As predicted from equation (49) and the fact that 
de/dT < 0, the slope is negative. Salicylic acid, which deviates 
widely, has been omitted from this plot because of the consider- 
able evidence that chelate hydrogen bonding is a complicating 
factor of importance in its behavior. Figure 4, on the other 
Bbanch and Yabbofp, J, Am. Chem, Soc., 66, 2568 (1934). 
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hand, shows a complete lack of correlation in the case of the 
aliphatic acids of Table IV, The probable conclusion to be 
drawn from these results is that the internal kinetic energies 
are equal for reactants and products in a reaction of the type of 
equation (VI) when it is a question of a substitution in the ben- 
zene ring but that such a compensation does not exist in the 
aliphatic compounds. It is not, therefore, possible to conclude 
from the fact that acetic acid is weaker than formic that the sub- 
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Fig, III-4. — Comparison of relative entropies of ionization of aliphatic adds 
with the effect of changing medium on relative acid strength. 

stitution of methyl for hydrogen increases the electron density at 
the O — linkage and binds the hydrogen ion more firmly: the 
problem is much too complex to permit so simple an analysis. 

With respect to the aromatic acids, it may be concluded that 
practically the whole effect of a meta or para substituent is 
exerted by way of the change in electrostatic energy, whereas 
an ortho substitution involves also a large change in a nonelec- 
trostatic energy. The relative simplicity of the effect observed 
with the meta and para substituted acid is a phenomenon of very 
general occurrence in the behavior of benzene derivatives 
(pages 121, 184), 

Activities and Activity Coefficients. — ^The treatment given thus 
far has neglected deviations from ideality. The exact thermo- 
dynanaic expression for the equilibrium in the reaction 

A+B:?±C + D 



(VUI) 
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is® 


dcCl'D 

CLaCLb 


= K 


( 50 ) 


in which the a’s are activities. The activity of a substance is 
defined fundamentally in terms of the statement that the quan- 
tity RT In a represents the work that can be gained by the 
reversible transfer of one mole of the substance from the state 
in which it exists to some standard or reference state at the same 
temperature. Any force of interaction that tends to bind the 
substance to other components of the solution must therefore 
decrease its activity, for the work that must be done against 
these forces decreases the amount that becomes available when 
the substance is transferred to the reference state. 

The activity of a substance may be determined in a variety 
of ways of which the simplest depends upon the principle that 
the ratio of the activities of a substance in two different solutions 
at a given temperature is equal to the ratio of its partial vapor 
pressures from the two solutions, provided that the pressures are 
so low that the perfect gas laws apply to the vapors. In a 
very dilute solution the activity of a solute has been found 
to be very nearly proportional to its concentration except in the 
case of electrolytes and of partly associated substances. 

The ratio of activity to concentration is a very useful quantity, 
the activity coefficient. It is usually represented by the symbol 
f (which must not be confused with the use of the same symbol 
for the partition function). Its definition is 



(51) 


In ideal solutions, those in which activity is proportional to con- 
centration, f is constant; in others, its variation measures the 
extent of the deviation from ideality. Substitution of the 
definition (61) and obvious rearrangement converts equation 
(50) to 


[C][D] , 

[A][B] ^ 


(52) 


It follows that the equilibrium equation in terms of concentra- 
tions instead of activities is valid only within a range of systems 
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for which the activity coefficients of the reactants remain con- 
stant. This is true if the solution in which the reaction 
occurs is very dilute and the solvent is constant. It is not, in 
general, true when any significant change occurs in the medium 
in which the reaction occurs. Table V shows how Kc^ the ratio 
of the concentrations at equilibrium of the enol and keto forms 
of benzoylcamphor, varies with changing solvent. By equation 
(52) this quantity is given by 

in which /e is the activity coefficient of the enol form, /k that of 
the keto, and K is constant for all the solutions. 

A high value of / indicates a low solubility, for the vapor pres- 
sure of solute from any saturated solution is necessarily equal 
to that of the pure solute. A low solubility implies, therefore, 

Table V. — Kbto-enol EgtriLiBRitTM and Solubility of Benzoylcamphor^* 


Solvent 

Kc 

R 

Kc/R 

Ether 

6.81 

6.39 

1.06 

Ethyl acetate 

1.98 

1.81 

1.09 

Ethanol 

1.67 

1.57 

1.06 

Methanol 

0.869 

0.748 

1.15 

Acetone 

0.852 

0.80 

1.06 


a large ratio of vapor pressure or activity to concentration, i.e., 
a large activity coefficient. Consequently, a solvent in which 
the enol is relatively soluble tends to have a large value of Ke, 
one in which the keto form is relatively soluble to have a small 
value. In favorable cases this parallelism may become a fairly 
exact proportionality between Kc and the ratio of the solubilities. 
This is shown in Table V in which the quantity R is the solubility 
of enol divided by that of keto, and the ratio in the last column 
is satisfactorily constant. 

Medima and Salt Effects in Ionic Reactions. — ^When the 
reacting substances or some of them are ions, the value of Kc 
becomes especially sensitive to changes in the medium in which 

Dimroth, Ann., 399, 91 (1913). Values of Kc for oilier diketones and 
keto acids in a variety of solvents are given by Meyer, Ber., 45, 2846 (1&12). 
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the reaction occurs, for such changes have large effects upon the 
activity coeifficients of ionic substances. The activity coefficient 
of an ion decreases rapidly with increasing ion concentration or, 
more exactly, with increasing ionic strength. The ionic strength 
IX is one-half the sum of the concentrations of the various ions 
present, the concentration of each ion being multiplied by the 
square of its charge z 

i 

/i = (54) 

The dependence of n on 2 ® indicates the large effect produced by 
doubly and triply charged ions. 

In very dilute solutions in a solvent of high dielectric constant 
like water, the variation of activity coefficient with ionic strength 
is the same for all ions of a given charge and is given, according 
to the theory of Debye and Hiickel, by 

log / = (55) 

in which a is a known function of temperature, dielectric con- 
stant, and universal constants. At higher ionic strengths the 
rate of decrease becomes smaller than that given by this equation, 
and the activity coefficient may even go through a minimum and 
begin to increase; the value is now different for different ions. 
A satisfactory empirical equation is 

log / =» —az^\/~ix + hfx (56) 

with h an empirical constant with a characteristic value for each 
ion. The minimum value of / for univalent ions is 0.6 to 0.8, 
and the ionic strength at which the minimum appears, 0.7 to 2. 

The deviation from ideality that this variation of / implies is 
attributed to forces of attraction between the oppositely charged 
ions, which are more important than the repulsions between the 
like charged ions and which increase in magnitude as the con- 
centration increases and the average distance between the ions 
decreases. By similar reasoning a decrease in the dielectric 
constant of the medium, such as is produced by the substitution 
of alcohol for water, leads to an increase in the activity coefficient, 
for it increases the electrostatic energy of the ion (page 80). 
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The latter effect is to a large extent responsible for the low 
solubility of salts in nonaqueous solvents. 

If therefore the substances C and D in reaction (VIII) are 
ions and A and B are uncharged, the composition of the system 
at equilibrium tends to shift in the direction of increased pro- 
portions of C and D when the ionic strength of the solution is 
increased by the addition of electrolyte. It will tend to shift in 
the other direction when the ‘dielectric constant is decreased by 
a change in the composition of the solvent. Both these effects 
follow from equation (52) and the nature of the changes in / that 
have just been discussed. More generally, the same effects must 
appear whenever C and D carry a greater density of charge than 
A and B, specifically when 

zl + zl > zl + 4 (57) 

where the z’s are the charges. 

Salt Effects on Indicators. — ^The most easily appreciated case 
of this sort is that of a reaction involving an indicator. In 
spite of the pages of discussion to which misapprehensions and 
misunderstandings have given rise, an indicator remains in 
principle what Ostwald pointed out many years ago, viz,, an 
acid or a base the ionization of which is accompanied by a change 
in light absorption in the visible region of the spectrum.^® The 
Br0nsted nomenclature perhaps specifies it more elegantly in 
defining an indicator as a conjugate acid-base system in which 
the colors of the acid and base are different. Thus the acid 
p-nitrophenol (A) is colorless, and its conjugate base (B) is 

O2NC6H4OH [02NC6H40]- 

(A) (B) 

intensely yellow. The question as to why these substances 
differ in color is part of the more general problem of the usual 
difference in light absorption between acid and conjugate base 
(page 51) ,* it has nothing whatsoever to do with the application 
as an indicator. For this, the sufficient fact is that the equilib- 
rium constant of the reaction 

A + H 2 O B + OH,+ (IX) 

The indicator problem is excellently discussed by Kolthoff, ** Acid-base 
Indicators,'^ New York, 1937. 
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is given by 



[B][OHa+] _ ^ 

[A] “ 

( 58 ) 

or 


( 69 ) 


and that the ratio [A]/[B] can be determined by colorimetric 
methods. If Kc is known, the colorimetric measurement leads, 
therefore, directly to a value of the concentration of oxonium 
ion, i.6., of the acidity of the solution. All applications of 
indicators depend upon equation (59) or upon similar and easily 
derived ones. 

Dimethylaminoazobenzene has a yellow uncharged base (C), 

(CH,)2N - OeH^- N = N - CeHfi [(CH3)2N = C 6 H 4 = N - NH - C6H6]+ 
(C) (D) 

the positively charged conjugate acid is red and has a probable 
structure^® which may be approximately represented by (D). 
Its sulfonic acid derivative methyl orange possesses the struc- 
tures {E) and (F) as base and acid 

KOHzhN - CeH^- N = N - C6H4S03l“ (CH,)2N = C 6 H 4 « N - NH - C 6 H 4 SO 3 
(F) (F) 

Both the quality of the color change and the value of the constant 
Ko are nearly identical with those of the unsulfonated substance. 
The electrically neutral acid is a dipolar ion with a positive 
charge on the (CHs) 2 N and a negative one on the SO 3 group. 

In phenolphthalein and the sulfonphthaleins the color change 
accompames the conversion of the colorless singly negative ion 


6* 

A 

0* 1 
1 1 

1 

A 

- * 

u 

' O-t-C 

!i 

b* 

« dr-C 


(G) 


« Hantzsch and Vogt, Her,, 62B, 968 (1929). 
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(G) to the doubly negative ion (ff). The symmetrical resonance 
in {H) is responsible for the relatively high acidity of the phenolic 
proton in (G) and for the intensity of the color. 

For an indicator I of the electrical type of aminoazobenzene 
in equilibrium with a weak acid HA of the acetic acid type 
I +HA:;=ilH++A- (X) 

the law of equilibrium takes the form^* 


^ (60) 

[I] [HA] /ih+/a- 

The addition of sodium chloride or other inert electrolyte 
decreases the values of /ih+ and /a. Since these are in the 
denominator, the fraction involving the /'s increases, and to 
maintain equality the fraction involving the concentrations 
must also increase. Thus the effect of the addition of salt is to 
shift the color of the solution toward that of the acid form of the 
indicator. The solution appears to be more acid, and in a sense 
it is because the equilibrium 

HA + H 2 O ^ OH8+ + A- (XI) 

must likewise be shifted in the direction of a higher concentra- 
tion of The substitution of alcohol for part of the solvent 

must, on the other hand, decrease the apparent acidity because 
it increases the ionic activity coefficients. 

In a solution containing acetic acid HA and p-nitrophenol HI 
on the other hand, the equilibrium follows the law 

[HI][A“] _ ^/i-/hA r... 

[FpKl - * 355 -- 


Since the effect of changing medium is nearly the same for all 
ions of a given charge type, the effect upon the two ionic activity 
coefficients in equation (61) wiU nearly cancel, whereas the 
effect upon the coefficients of the uncharged molecules is rela- 
tively small. Consequently, there is little change in color upon 
the addition of sodium chloride or alcohol to such a system, 
although the change in the oxonium-ion concentration is the 
same as when aminoazobenzene is used as the indicator. All 
these effects are easily observable and have been subjected to 
quantitative measurement.^® 

IT Ref. 42, Ghaif. II. 

« Bb0ksted, J. Chem, Soc., H9, 574 (1921). See also Ref. 15. 
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Unfortunately for theoretical treatment, many of the com- 
monest indicators contain sulfonate or other solubilizing groups, 
as is the case with methyl orange. The reacting substances 
contain, therefore, two or more charged groups, distributed at 
greater or less distances over a large molecule. The problem of 
predicting salt or medium effects in such cases is a difiScult one 
in which, however, some progress has been made.^® 

The Suppression of Salt Effects.^ — If one wishes to isolate a 
particular equilibrium or a series of equilibria for study, c.gr., to 
compare the strengths of a series of acids, the salt effect may be 
a great nuisance. One way to eliminate it is to measure the 
ionization constant Kc at various ionic strengths and, by extra- 
polation, to estimate the limit approached as the ionic strength 
approaches zero. This is the method of dilute solutions^ which 
has always been widely used in the theoretical treatment of 
electrolytes. Another and frequently more useful procedure^® 
is to suppress the salt effect by introducing into all the solutions 
under investigation a large concentration of an electrolyte that 
is not involved in the equilibrium and does not react with any 
of the substances that are involved. Sodium chloride may, for 
instance, be used with aqueous acetic acid, for neither sodium 
nor chloride ions react appreciably with acetic acid, acetate ion, 
or oxoniiun ion. The slope df/dfi, which determines the mag- 
nitude of the change in activity coefficient produced by a given 
change in ionic strength, has its greatest magnitude in dilute 
solution and is zero in the region (m = ca 0.75) where / is at a 
minimum (page 90). Consequently, the salt effect is smallest 
in this region of ionic strength and may be said to be suppressed 
by the large concentration of inert electrolyte. As a further 
refinement, one may vary the concentration of inert electrolyte 
to balance the differences in concentration of reacting electrolyte 
in the solutions under investigation so that all of them have the 
same ionic strength (page 216). 

On Reaction Mechanisms. — If one assumes that the neutrali- 
zation of ammonia by an acid in aqueous solution consists in the 

GtJNTBLBBRG and SchiOdt, Z, physik. Chem.j 136, 393 (1928). Kolt- 
HOiT and Gxrss, J. Ant. Chem. Soc.j 60, 2516 (1938). 

*0 Br0nsted, Medd.K. Vetenskapsakad. NohelinsU 6, 1 (1919). Br0nstb© 
and Pbdebsbn, Z. physik. Chem., 103, 307 (1922). 
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direct transfer of a proton 


NHs + 0 H 3 +:;:± NH 4 + + H 2 O 

(XII) 

then the law of equilibrium gives 


UnH4+^H20 _ 

UnH3<^OH3+ 

(62) 


If, however, one assumes that the process involves the hydration 
and ionization of the ammonia followed by the reaction of the 
hydroxyl ion with oxonium ion 

NHs + H 20 :;=i NH 4 OH (XIII) 

rsJH40H — NH 4 + + OH- (XIV) 

OH- + OH 8 + ^ 2 H 2 O (XV) 

the application of the law of equilibrium leads to the equations 


fl.NH 40 H 

(63) 



(64) 

O^NH40H 


(65) 

aon-aoRz*- 


Since these all refer to a single solution, the symbol a^^oR, 
which appears in the first two equations, represents the same 
quantity in both and will cancel if the equations are multiplied 
together. Consequently, multiplication of the three equations 
leads to the relation 

= XiifaiTs (66) 

UnH3^H»+ 

The fact that the quantity that appears on the left side of equa- 
tions (62) and (66) is experimentally a constant is therefore just 
as consistent with the reaction mechanism represented by equa- 
tions (XIII), (XIV), and (XV) as it is with the direct proton 
transfer of equation (XII) and offers no criterion of distinction 
between them. 

This conclusion is indeed a necessary consequence of funda- 
mental thermodynamic principles and is perfectly general. A 
study of the equilibrium state of a system can offer no pertinent 
information whatsoever with respect to the mechanism by which that 
equilibrium is attained) this problem can be attacked only by 
investigation of the kinetics of the reaction. 



CHAPTER IV 


REACTION RATES AND MECHANISMS : ENERGIES, FREE 
ENERGIES, AND ENTROPIES OF ACTIVATION 

The Fundamental Principle of Reaction-rate Theory —There 
is no branch of physical chemistry of greater importance and 
interest to the organic chemist than that of reaction rates. 
The selection of the proper conditions for a synthetic operation 
is usually a problem in reaction rates, and the study of the rates 
of reaction is the most useful tool available for the investigation 
of reaction mechanisms, the problem which more than any other 
theoretical one has excited the imagination of organic chemists. 

The basic assumption of aU reaction-rate investigations is the 
principle that the rate of a reaction, i.e., the number of moles 
reacting in unit time, is proportional to the product of the con- 
centrations of the reacting substances and independent of the 
concentrations of substances that do not take part in the reaction, 
provided that the medium in which the reaction occurs is reason- 
ably constant. This principle is a most reasonable one in terms 
of the extremely probable h 3 npothesis that the rate of a reaction 
is proportional to the frequency of the collisions between the 
reacting molecules, which is itself proportional to the product of 
the concentrations. It is an experimentally verifiable fact in 
many reactions; the assumption that it also applies in the appar- 
ent exceptions has proven a most fruitful one. A classical 
example of this sort, the investigation of which by Lapworth^ 
initiated a new kinetic era in theoretical organic chemistry, is 
the halogenation of acetone and other ketones. The actual 
process that occurs, the stoichiometric reaction, is 

CHs-CO-CHs + Bra -j- CHs-CO-CHaBr + Br" -f H+ (I) 

The rate is proportional to the concentration of acetone, as 
expected, but it is independent of the concentration of bromine; 
t,6., an increase in the concentration of the bromine leads to no 

^Latwobth, J. Ch$m, Soc,, 85, 30 (1904). 
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increase in rate of reaction. Furthermore, the rate is increased 
by the addition of either acids or bases, and the increase in rate 
is proportional to the concentration of acid or base, in spite of 
the fact that these substances do not appear in the stoichiometric 
equation. The general principle can, however, be reconciled 
with the specific problem by the assumption that the reaction 
of equation (I) is composed of a series of steps of the following 
sort: 


0‘ 

r ‘O’ 1“ 


❖ 

* L 


CHs- C 

+ b^Lch8- c "chJ 

+ BH+ (11) 

CHa 



• O' 

O' 


'L- 



CHs “ C“ CH 2 J "H ' 

Br- Br* -^CH 3 - C 

+ ['Br']- (111) 



^ — 


CHs- 

“ Br* 


in which B is a base, which might be hydroxyl or acetate ion, 
pyridine, water, or the like. If the tendency of bromine to 
react with the ion is so* great that every ion formed reacts prac- 
tically instantaneously, the rate of the system of successive 
reactions, reactions (II) and (III), becomes that of the first step 
reaction (II). But reaction (II) does not involve bromine, 
therefore its rate must be independent of the concentration of 
bromine; it does involve the base B, therefore its rate must be 
proportional to the concentration of the base. Reaction (II) 
is said, consequently, to be the rate-determining step of the 
bromination, and the system of reactions is said to constitute a 
possible mechanism for process (I). 

This mechanism has been verified in a variety of ways. The 
rate of reaction of acetone with iodine is identical with its rate 
of reaction with bromine under similar conditions. This is 

CHs 


CeHfi-CO-CHR'R" 


* Bartlett, J, Am, Chem. Soc,f 56, 967 (1934). 




HOOC 


H O 
(B) 
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consistent with the mechanism, in which neither halogen enters 
into the rate-determining step. Fiurther support has been 
obtained from the racemization and the deuterium uptake of 
ketones. If an optically active ketone of the structure (A) 
reacts with a base according to equation (II), the carbanion 
formed has only three groups attached to carbon, and these tend 
strongly to take up a planar and symmetrical configuration 
(page 66). Since the proportion of ion is at all times small, 
reaction (II) must be reversible; but the reversal must produce as 
much dextro- as levo-rotatory ketone if the ion is symmetrical. 
The detailed analysis (page 109) shows that the rate of the 
resulting base-catalyzed racemization must be equal to the rate 
of reaction (II) and, hence, to that of the halogenation. The 
experimental test® on the ketone B gave for the specific rate of 
the acetate ion catalyzed bromination in an acetic acid-water 
solvent the value 0,0471. Under the same conditions the 
specific rate of the racemization is 0.0438. The result not merely 
confirms the mechanism of the halogenation, it demonstrates 
that the carbanion does not retain its configuration. 

Finally, the rate at which phenyl-s-butyl ketone exchanges 
its a-hydrogen for deuterium is very nearly the same as, and is 
probably identical (if properly corrected for minor complications) 
with, the rate of racemization under the same conditions.^ The 
rate of the exchange is again that of reaction (II), but a deuteron 
rather than a proton is added when the ion reverts to ketone. 

The apparent exception to the general principle that rate 
of reaction is proportional to the product of the concentrations 
of the actual reactants has, therefore, been completely and satis- 
factorily accounted for in terms of a mechanism involving more 
than one step, to each of which the principle applies. If the 
principle is accepted as demonstrated on the basis of this kind 
of evidence, it becomes a most powerful implement for the investi- 
gation of the mechanism of reaction. A mechanism thus derived 
is a scientific tool by which to obtain verifiable relationships 
between measurable quantities; it is to be judged by its utility 
in correlating known facts and predicting new ones, not by its 
agreement with some unknowable absolute truth. By this 

® Hstj- and Wilson, J. Chem. Soc,, 623 (1936). 

^ Hsti, Ingold, and Wilson, J, Chem. Soc., 78 (1938). 
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criterion the mechanism of these ketone reactions must be 
recognized as known with a truly remarkable degree of certainty. 

Reaction Orders and Their Determination. — In order to 
investigate the mechanism of a reaction it is necessary to deter- 
xnine the order of the reaction, which means the number of con- 
centration factors appearing in the equation for the rate. The 
obvious method of accomplishing this is to vary the concentra- 
tions of the possible reactants and to determine the effect of these 
changes. The actual rate is, however, not directly measurable; 
and, since it changes as a result of the changing concentrations 
of the reactants during the course of the reaction, it is not suflB.- 
cient to divide the decrease in concentration in a given time 
interval by that interval, the limiting value of this ratio, — dc/d^ 
must be used. To obtain this derivative, one can of course plot 
concentration against time and estimate the slope graphically, 
but the procedure is so inaccurate that it is applied only as a 
last resort. Preferably, integrated equations based upon various 
orders are applied to the data until one is found that fits. If a 
reaction is of the first order, the rate is given by 



( 1 ) 


The proportionality constant h is called the rate constant or the 
specific rate. The latter term derives from the fact that k is 
equal to the actual rate divided by the concentration of the 
reactant (by the product of the concentrations of the reactants 
for higher orders than the first). It is the value that the rate 
takes when all the reactant concentrations are unity. Equation 
(1) is easily integrated yielding 


or 


In Co — In c = , 

log Co — log c = 0.4343Jbi 


( 2 ) 


in which co is the concentration when t = 0, From this it follows 
that a plot of the logarithm of concentration against time is a 
straight line if the reaction is of the first order. The slope of the 
line, which may be determined either by graphical or by analytical 
methods, is equal to — 0.4343fc. Consequently, such a linear 
plot not only distinguishes a first-order reaction but makes it 
easy to determine the rate constant. 
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It is not necessary to plot the actual concentration, any quan- 
tity proportional to the concentration may be used even when 
the proportionality constant is unknown. Such quantities as 
optical rotation a, pressure in a gas reaction, change in volume in 
a dilatometer, and shift in the bands in an interferometer are 
frequently used. If a = me, then log a = log m + log c, 
log ao = log m + log Co, equation (2) reduces to 

log ao log a = 0.4343^^ (3) 

and the slope of a plot of log ot against t is again — 0.4343A;. 

In the second-order reaction of the two substances A and B 
the rate of change of one concentration is necessarily equal to 
that of the other, since one mole of the one substance must react 
for each mole of the other. By the fundamental principle it is 
proportional to the product of the concentrations 

-^ = = *[A][B] (4) 


The equation may be simplified before integrating by introducing 
the symbols a and 6 for the initial (at time ^ = 0) concentrations 
of A and B, respectively, and x for the change in concentration 
at time t Then 




x)Q) — x) 


which integrates to 


. , aQ> -x) _ , 

(6 - a) h{a -x)~ 


(5) 


( 6 ) 


The applicability of this equation may be tested and the value 
of Tc determined most simply by a plot of log ^ against L 

If the initial concentration of one substance in a second-order 
reaction is much greater than that of the other, e.g., if Ic^a, then 
necessarily i':^x because x cannot be greater than a. In this 
case both h — x and b a become practically equal to b, and 
equation (6) reduces to 


or 




In a “ In (a — x) 



(7) 
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In view of the meaning of the various symbols this is identical 
with the equation for a first-order reaction (2) except that the 
first-order constant of equation (2) is replaced by the product hk 
of a second-order constant by the concentration 6. The reaction 
may be said to ^‘follow a first-order course or to be ^^pseudo 
first order/' but the apparent first-order constant has a value 
proportional to the concentration of the substance B. 

Clearly, one cannot determine the order of a reaction merely 
by following its course from a given initial concentration. It is 
necessary to run the reaction with different initial concentrations 
of all conceivable reactants and to determine whether the appar- 
ent constants are really invariable. 

When a second-order reaction consists in the reaction of two 
identical molecules, the rate is proportional to the square of the 
concentration 




= kc^ 


1 


c 



( 8 ) 

( 9 ) 


in this case a plot of the reciprocal of the concentration is linear in 
the time. The same equations apply when the reaction involves 
two different substances, present at the same concentration. 

A test of reaction order with respect to the solvent is impossible 
because the concentration of the solvent molecules cannot be 
changed without also changing the nature of the medium in which 
the reaction occurs. But it is only if the medium is maintained 
constant that the fundamental assumption of proportionality 
between concentration and rate is applicable. Consequently, 
it is impossible to determine by kinetic methods if the solvent 
takes part in the rate-determining step of a reaction.. 

On the Units of Time. — ^There is an unfortunate lack of agree- 
ment on the unit of time to be used in presenting kinetic data and 
even a certain carelessness in making plain what unit is used in a 
particular investigation. Furthermore, the quantity 0.4343fc 
is frequently tabulated instead of k itself, sometimes with, some- 
times without adequate warning. All kinetic data in this book 
are in terms of the second as the unit of time and are values of k, 
unless accompanied by a specific statement to the contrary. 
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Reversible Reactions. — The differential equations for a 
reversible reaction can always be integrated if the order is not 
greater than two in either the forward or the reverse direction. 
The resulting equations are considerably simplified by intro- 
ducing as one of the parameters a quantity determined by the 
equilibrium state of the system. For the reaction 

A^B (IV) 

k~i 

which may be either true or pseudo first order, with the rate 
constants indicated, the rate of concentration change is given 
by the difference in the rates in the two directions, each propor- 
tional to the concentration of the reacting substance 

_ ^ ^ (IG) 

di dt 


By using th.6 fiymhols a and h for th© initial concentrations of A 
and B and x for the moles per liter of A converted to B at time 
tj this becomes 

^ = ki(a — x) — k^i(b + x) ^ (fcia — — (fci + ^-i)x (11) 


the integral of which, after substituting the limit x == 0 when 
i = 0, is 


kia — k^ib 

(fciu - k^ib) - (/ci + k^i)x 


(ki + k^i)t 


( 12 ) 


When t increases indefinitely, the reaction comes to a state of 
equilibrium and x attains a value Xe, which may be expressed in 
terms of the constants by means of the following considerations. 
Wh.en t becomes infinite, the left side of equation (12) must do 
so also, and this requires that the denominator approach zero, 
i.e., 

(kia - k^ib) - (fci + k^i)xe - 0 (13) 


Elimination of kia — kib between equations (12) and (13) leads to 


In = (kt + k-i)t (14) 

Xe X 

This equation differs from the expression for an irreversible first- 
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order reaction in two respects. Instead of the initial concentra- 
tion a of the reactant A in the expression. 

In — - — = kt (15) 

CL tC 

there appears Xe the amount of A that will have reacted when 
equilibrium is attained; instead of the constant for the forward 
reaction there appears the sum of the constants for forward and 
reverse reactions. The procedure for obtaining the sum fci + k^i 
in the reversible case is the same as that for obtaining the constant 
in the irreversible case: the slope of a plot of log (xe — x) against 
time is — 0.4343 (fci + fc_i). 

Here also absolute values of the concentration are unnecessary. 
If the substances A and B are optically active so that the rotation 
a is given by 

a = m[A] n[B] = m{a — x) + n(b + x) = (ma -f nb) + 

(n — m)x (16) 

the rotation of the equilibrium system «« is 

ae = (ma + nb) (n — m)xe (17) 

and the initial rotation ao is 

olq — ma + nb (18) 

Combination of equations (16) to (18) with equation (14) leads to 

In ~ = (fci + (19) 

OLe — OL 


from which the value of ki + may be determined by measure- 
ments of rotation as a function of time, without any knowledge 
of the constants m and n. 

If the individual constants kx and are to be determined, the 
equilibrium state must be more completely specified. From 
equation (13) or more directly from equation (11) by setting 
dx/dt = 0, 


6 + ^ 

a — Xe k-.i 


( 20 ) 


A measurement of the value of Xe leads, therefore, to the ratio 
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ki/k^ij and, if the sum ki + fc-i is known, ki and fc-i are easily 
calculated. 

Equation (20) leads also to an important relation between the 
rate constants and the thermodynamic equilibrium constant. 
The latter is given by 

Z = g] = (21) 

[A] a — X, 

from which with equation (20) 

K = p- ( 22 ) 

/C-1 

Equation (22) is valid regardless of the order of the reactions. 
This may easily be shown by setting the rate equal to zero in 
the differential equation for the rate of the reversible reaction 
and comparing the result with the thermodynamic equation. 
This very general relation between equilibrium and rate constants 
is frequently of great utility in kinetic problems. 

Mathematics of Consecutive Reactions : The Halogenation of 
Acetone. — ^When the order of a reaction is determined, the next 
step is to consider what mechanisnos are consistent with the 
order. Thus a mechanism involving a direct attack of bromine on 
acetone is inconsistent with the fact that the rate of the acetone 
bromination is independent of the bromine concentration. 
Although one can often make such a short cut in the reasoning 
as was taken in the discussion of page 97, the safest procedure 
is to make a complete mathematical analysis of the reaction 
system involved in each mechanism considered. In the mecha- 
nism of equations (II) and (III) for the acetone bromination the 
first step is a reversible reaction for which the differential equa- 
tion is 


® = -*i[K][B] + fc_i[I][BH+] (23) 

The symbol K is used for acetone, I for the ion [CHs-CO-CHa]", 
and Y for bromacetone. The rate of change of the concen- 
tration of the ion is the difference between the rates of its 
formation from acetone and its reaction to form either acetone 
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or bromacetone 

^ - HK][B] - A-i[I][BH+] - *s[I][Brd (24) 

The rate of change of the concentration of bromacetone is simply 
the rate of formation of the substance from the ion 

= umn] (26) 

because the reaction is practically irreversible. The three 
differential equations (23), (24), and (25) are not independent 
since 

[K] + [I] + [Y] = constant 

and 

+ + r26^ 

+ d< + d« “ ® 

The exact integration of such a system of equations is a diffi- 
cult problem. It has been solved® for the case that all the reac- 
tions follow a first-order course, i.e., are first order or pseudo 
first order. The solution holds not merely for two but for any 
number of successive steps, but its form is complicated and 
difficult to apply to experimental data. An approximate solu- 
tion, which is of high precision in such cases as the one under dis- 
cussion, may be derived by a method that is usually called the 
method of the stationary stated A better name would be the 
method of the unstable intermediate,'^ since it depends upon all the 
intermediates being unstable in the sense that their high reactiv- 
ity makes their concentrations extremely small. 

In the acetone bromination the ion I is an intermediate of 
this sort, since the extent of the acidic ionization of acetone is too 
small to be detected directly. In order that the concentration 
of the ion may remain small, the rate of change of its concentration 
d[I]/d^ must be small compared with the rate fci[K][B] at which 
it is formed from acetone. This means in view of equation (24) 
that d [l]/dt is a small difference between relatively large num- 

® Rajcowski, Z. physik. Chem., 57, 321 (1907). 

* (a) Bodenstbut, Z. Elehtrochem., 38, 911 (1932). (6) Chbistiansbn, 

Z. physih Chem., 28B, 303 (1935), 

7 Skbabal, MoncUsh., 64, 289 (1934). 
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bers and may be neglected in comparison with them, 
quently, equation (24) approximates closely to 


and 


0 = X:i[K][B] - A:_i[I][BH+] - i:2[I][Br2] 

m UK]m 

“ )fc_i[BH+] + A:2[Br2] 


Conse- 

(27) 

(28) 


The same considerations applied to equation (26) lead to the 
approximation 


d[K] 

dt dt 


(29) 


the rate of formation of bromacetone is practically identical 
with the rate of reaction of acetone, the approximation being 
merely that there is no appreciable storage of reacting material 
in the form of the intermediates. Introduction of the value of 
[I] from equation (28) into either equation (23) or (25) leads to 

d[K] d[Y] _ ^ifc,[K][B][Br2] 

d^ ” d^ + fcsLBrs] ^ 

In order that this expression for the rate may be independent of 
the bromine concentration, it is necessary and sufficient that 

fe[Br]»fc-,i[BH+] (31) 

f.e., the rate of reaction of the ion with bromine fc 2 [Br 2 ][I] is much 
greater than the rate fc-ipH"*"]!!] at which it reverts to acetone, or 
an overwhelming proportion of the ions formed by reaction of 
acetone with base are converted to bromacetone. Under these 
conditions the denominator on the right of equation (30) reduces 
to which cancels with the numerator and leads to 


d[K] ^ d[Y] 
d^ d^ 


= *i[K][B] 


(32) 


The rate of reaction is the rate of the first step [reaction (II)]; 
in agreement with experiment it is proportional to the product of 
the concentrations of acetone and base and independent of the 
concentration of bromine. The detailed analysis leads, there- 
fore, to the same result as the qualitative one. 

When the opposite extreme applies, viz., 


A2[Br2]«Ji:_i[BH+I 


(33) 



REACTION RATES AND MECHANISMS 


107 


equation (30) reduces to 


d[K] _ d[Y] 
di{ dt 


. fci [K][B] 
[BH+] 


[Br^] 


(34) 


But by the application of the law of equilibrium together with 
the relation (22) to reaction (II) the concentration of the ion I 
is 


r.. __ k^ [K][B] 
[BH+] 


(35) 


if a state of equilibrium exists with respect to this reaction. 
Consequently, equation (34) reduces to 


d[K] _ d[Y] 
d^ d^ 


= *2[I]e[Br2] 


(36) 


and the rate of reaction is that of the second step [reaction (III)] 
\vitb the concentration [I] determined by an approximately 
equilibrium status of the first step. 

When neither the approximation of equation (31) nor that of 
(33) may be applied, the general equation (30) applies and the 
reaction shows no simple order with respect to any of the reac- 
tants except acetone and base. This situation has been observed 
in the base-catalyzed chlorination of acetone^ and in the iodina- 
tion of acetophenone in moderately concentrated aqueous sul- 
furic acid (page 231). 

The Christiansen Formtilation.®^*^ — If in the system of reac- 

ki 

A -j- B Xi + C 

Xi + D^X2 + E 

k^i 

X2-hF;^X3-i-G 
k^s 

X(„_„ + L^M +N 

tioDS (V) substances Xi, Xa, etc., are unstable intermediates to 
which the approximation of the last section may be applied, a 
very elegant formulation is possible. A set of quantities w are 

• OHrasTiANSHN', Z. phyaik. Chem., 38B, 145 (1936); STB, 374 (1937). 
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defined such that the rate of each step divided by the concentra- 
tion of the unstable intermediate involved is given by one of 
them; thus 

wi = 0i = ii[A][B] 

= A:2[D] 

W-i = = A-sPE] 

etc. 

The total rate v of the conversion of A and B to M and N is, in 
view of the unstable intermediate situation, equal to the rate of 
each of the steps, there being no storage in the form of any of the 
X^s. Hence, 

t; = — ir- 2 [X 2 ] = t^ 8 [X 2 ] — — etc. 

The solution of this set of n simultaneous equations involving 
V and the n *- l[X]'s is obtainable by the method of determinants 
and may be expressed in the form 

t; = i>+ “ v- (38) 

with 

Vjf. WxW 2 ‘ W1W2WZ ‘ WiWzWz , , . Wn ^ ^ 

and 



il. = 4- 4. . . . ^n^n-1 . • . Wj , . 

An important feature of this result is the fact that the rate may 
always be expressed as the difference between the rates of a 
forward and of a reverse reaction.' 

Applied to the acetone halogenation, equations (37) to (40) 
take the form 

= ^Ji[K][B] 

= A;-i[BH+] 

W2 = ^y^IBrJ 

if?_2 == 0 



REACTION RATES AND MECHANISMS 


109 


which substituted in equation (39) leads to 

1 1 fc_a[BH+] fc2[Br2l + . . 

t;+ “ HK][B] ^ A;i[K][B]A2[Br2] *iA:2[Kl[B][Br2] 

which is identical with equation (30). Equation (40) leads to 


A further advantage of this formulation is the aid that it offers 
in the integration of the rate equation for an irreversible reaction. 
Equation (39) or (40) expresses the reciprocal rate dt/dx as the 
sum of a series of terms, which may be written as functions of x 
of a type that may always be integrated by the method of partial 
fractions. 

The Racemization of an Optically Active Ketone. — This con- 
sists in the reversible conversion of one enantiomorph to the other 
by way of the ion. By using dK and IK to represent dextro- and 
levo-rotatory ketone, the reactions are 

dK 4- I + BH+ 

Jb-i 

I + + B 

ki 

The use of the same constants ki and in the two steps is a 
necessary result of the properties of enantiomorphs. The 
application of the Christiansen equations leads to 

1 _ 1 , fc-i[BH+] 

i;+ ” ifci[dK][B] fci[dK][B]ft^i[BH+] 

hence, 

Similarly, 

= ifci[ZK][B] 

and 

The experimental quantity is the value of the rotation a which 


(VI) 

(VII) 
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is proportional to the difference in the concentrations of the 
enantiomorphs 

a ^m{[dK]- [ZK]} (43) 

By virtue of this and the derivative 

d< ( d]{ df / dt ^ ^ 

equation (42) becomes 

^ (45) 

or 

. In oro — In a = (46) 

The constant obtained by the usual first-order plot of log a 
against t is, therefore, ki, the specific rate in the forward direction 
of reaction (VI). By equations (II) and (32) it is identical with 
the specific rate of the halogenation. 

Deuteriim Exchange in Ketones. — The reactions of the 
deuterium exchange are (HI represents protium ketone, DI 
deuterium ketone) 

hi + bI±i- + bh+ vm 

^-1 

|- + BD+;:iDI + B IX 

By equations (38) to (40) 

d[DI] ^ feiA2[HI][B][BD+] - k^tk^,[Dl][B][Bm 
d^ lc_i[BH+] + *2[BD+] 

When protium ketone is dissolved in deuterium water, the con- 
centration of BD‘+’ is much greater than that of BH+. Since, 
furthermore, the constants k^i and k 2 do not differ by a large 
factor (estimates of the ratio k-i/ka in various reactions vary from 
3 to 10),® the denominator reduces to A 2 [BD+]. By the same 
token, since kik 2 and are of the same order of magnitude, 

the numerator reduces to ^;ilk 2 [HI][B]IBD+] especially at the 
beginning of the reaction when [DI] < [HI]. Consequently, 
equation (47) reduces to 

^ ( 48 ) 

• Bonhobffbb, Tram. Faraday Soc., 34, 252 (1938). 
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for the initial rate of reaction of protium ketone in pure deuterium 
water, and the specific rate of the deuterium uptake is identical 
with that of halogenation and racemization. The small differ- 
ence observed experimentally (page 98) in 99 per cent D 2 O is 
accounted for^ if = 12. 

Energy of Activation. — It was first observed by Arrhenius that 
a plot of the logarithm of the rate constant against the reciprocal 
of the absolute temperature is to a considerable precision a 
straight line. Hence, 


log k = 


(49) 

d(ln k) 

dr 

2.303a 

T2 

(50) 


This equation is immediately reminiscent of the equation [(25), 
Chap. Ill] for the variation of equilibrium constant with temper- 
ature. If equation (50) is put in a similar form 


d(ln*) _ 
dr BT^ 


(51) 


the quantity is called the energy of activation of the reaction 
and is defined explicitly by 


P,, _ ErM(Infc) 

^ dr 


(52) 


The energies of activation of a forward reaction El and of its 
reverse reaction are necessarily related to the heat of the 
reaction AH. From equation (22) 

In jK = In — In 

hence, 

BT^d(ln K) BrM(ln fci) RT^d{ln k^i) . . 

dr ~ dr dr 

By equation (52) and equation (25), Chap. Ill, this becomes 

AH ^ El- 1 (54) 

Knee AH varies with temperature [equation (27), Chap. Ill], the 
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apparent constancy of the energy of activation is illusory^® and 
depends upon the fact that the range of temperatures over which 
it may be measured is limited. If one attempts to proceed to 
higher temperatures, the reaction rate becomes too fast for 
accurate measurement, at lower temperatures it is too slow. 
In those cases in which Ai? is most largely dependent on the 
temperature, viz., in reactions involving ions, it has, however, 
been shown beyond question that the energy of activation is also 
a function of temperature. 

The Collision Theory. — There have been two important 
theoretical approaches to the interpretation of the phenomena of 
reaction kinetics. Both have their usefulness and their weakness. 
The earlier in point of development, the collision theory, starts 
out from the consideration of the frequency of collisions between 
the reacting molecules. Obviously, molecules can react only when 
they come in contact, i.e., collide with each other. Gas kinetic 
theory gives for Z, the frequency of collision between the spherical 
molecules of the substances A and B, the diameters of which 
are o-a and (tb and the masses of which are mx and ms, the value 

z - + ±) (55) 

where Nx and Nb are the numbers of molecules of each kind 
per cubic centimeter. The collision frequency would probably not 
be very different for irregularly shaped molecules, but a serious 
complication arises from the fact that reaction can result only if 
the proper parts of the molecules come in contact. In the reac- 
tion of sodium atoms with methyl iodide, which leads to sodium 
iodide and methyl radicals (page 144), the collision of a sodium 
atom with the methyl end of a methyl iodide molecule cannot 
possibly lead to reaction, the sodium must collide with the iodine. 
In the reaction with phenyl or amyl halide an even smaller frac- 
tion of the surface of the halide is available for reaction. It must, 
therefore, be expected that the frequency of collisions between 

(a) Tratjtz, Z. anorg. allgem. Chem., 102, 81 (1918). (h) Scheffer and 

Brandsma, Rec. trav. chim., 46, 522 (1926). (c) LaMer, J. Chem. Phys., 1, 

289 (1933). 

LaMer and Miller, J. Am. Chem. Soc., 67, 2674 (1935). Moblwto- 
Hxtohbs, Proc. Boy. Soc. (London), 164, 295 (1938). 
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complex organic molecules which can possibly lead to reaction 
will be smaller and possibly many times smaller than that given 
by equation (55). 

The theory does give the observed dependence of rate upon 
concentration (through the factor NaN-^) if it is admitted that a 
constant fraction of the collisions results in reaction. This 
fraction is, however, a very small number and one dependent on 
temperature in the case of those reactions the rates of which are 
easily measured. The temperature dependence follows from 
logarithmic differentiation of equation (55) with respect to 
temperature, which yields 


dln^ ^ 1 
dr 2T 


(56) 


Hence the logarithm of the collision frequency varies at the 
same rate for all reactions, the change in Z amounting to 0.16 per 
cent per degree at room temperature. The experimental varia- 
tion in reaction rate for reactions that are neither too fast nor too 
slow for measurement is, however, of the order of 10 per cent per 
degree, and the ratio h/Z is a rapidly increasing function of 
temperature. 

The collision theory assumes that the effective collisions are 
those in which an especially large amount of energy is available. 
This might mean that one or both of the reacting molecules 
possess a large amount of internal energy or that one or both are 
moving so rapidly that the collision is an especially violent one. 
In either case it is assumed that the fraction of collisions of 
sufficient energy is given by 

Q-^/kT = 0-B/RT 


which is obviously a Boltzmann sort of expression. Its exact 
applicability to the problem in question is not entirely clear, 
and this uncertainty lies at the root of most of the weakness of 
the collision theory. It is an exact expression for the fraction 
of collisions in which the component of translational energy along 
the line of centers exceeds the value e, i,e., of those for which the 
intensity of the collision exceeds a definite minimum; it is 
approximately the expression for the fraction in which the energy 
resident in any degree bf freedom exceeds the same minimum,. 
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In. so far as it is correct, the number of molecules reacting per 
second is 


and the rate constant is, since N = ciV/1000, 


k = ^ ( ^/sTT^rf— + A^e-B/RT 

* 1000 V 2 ; W ^ wb/ 

Logarithmic differentiation now leads to 

d In fc _ 1 . E 

"dr“ “ 2r RT^ 

hence the energy of activation [equation (52)] is 


(58) 


(59) 


E^ 


E + ^RT 


(60) 


In most cases the quantity is so small that it may be 

neglected, and E becomes equal to the experimentally deter- 
mined energy of activation. 

The theory may be tested by measuring the temperature 
coefficient of the reaction rate, obtaining the energy of activation 
by equation (52), and substituting this for J? in equation (57). If 
reasonable values for the molecular diameters then lead to a 
correct value for the rate of reaction, the theory is verified. The 
earliest studies, made on relatively simple reactions in the gas 
phase, were on the whole satisfactory, i.e,, the calculated and 
experimental rates agree within an order of magnitude or so.^^ 
In view of the uncertainty implicit in the use of equation (55) 
for irregularly shaped molecules, only part of whose surface is 
available for reaction, the result is not unsatisfactory. More 
recent work^^ on the reactions of complex molecules, such as the 
Diels-Alder reaction of cyclopentadiene with acrolein, has shown 
that, even in gas reactions, rates calculated from the collision 

Hinshblwood, '^The Kinetics of Chemical Change in Gaseous Sys- 
tems,” Oxford, 1933. 

i«(a) Kistiakowski and Lachbr, J, Am. Chem. Soc.j 68, 123 (1936). 
(6) Wassermann, Trans. Faraday Bqc.^ 34, 128 (1938). 
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theory may differ from the experimental value by a factor of 
100,000. For reactions in solution the diflSiculties of the theory 
are still more serious. Although the rate predicted by the 
collision theory may be considered the most probable value, dis- 
crepancies as large as a factor of 10® are not uncommon. As a 
consequence, it has become customary in collision-theory dis- 
cussions to write the rate constant k as 

k = (61) 

is the frequency of collisions at unit concentration of all 
reactants, and is generally close to 3 X 10^^ l./mole sec., and 
P is a probability factor that represents the discrepancy between 
collision theory and experiment. 

The diflSiculties of the collision theory which arise from the 
use of the simple exponential factor in equation (57) or (68) 
are similar to those which appear in the theory of equilibrium 
when the attempt is made to identify a temperature dependent 
heat of reaction AH with the temperature-independent potential- 
energy change AEp (page 77). Indeed the analysis that was 
applied to the equilibrium case is pertinent here also. There 
must be not one kind of a system of A and B molecules in the 
act of collision but a series each with its characteristic internal 
energy determined by quantum laws and with its probability 
determined by an expression of the type in which € is the 

energy of the state. Consequently, the rate of reaction must be 
proportional to the sum of the rates corresponding to each of 
these states^®® 

k = kopoe"*^^^^ + (02) 

As in the equilibrium problem, logarithmic differentiation does 

d In ifc 

not give a value of RT^ which is equal to any one of the 

Net values or to their average or which is even independent of 
temperature. Indeed, the equation is too complicated to lead 
to any verifiable or useful results. 

The Transition-state Theory. — ^The alternative treatment of 
the reaction-rate problem, usually called the trarmtion-state 

MoBnwTN-HuGHBs, ^'The Kinetics of Reactions in Solutions,*’ 
Oxford, 1933. 
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theory, shares with the collision theory the idea of an energy of 
activation. Indeed this idea predominates to such an extent 
that the theory does not explicitly consider the molecular colli- 
sions which form a coordinate feature of the collision theory and 
which must in fact be a necessary part of the process of reaction. 
Both theories are abstractions of a sort that are frequently 
necessary in the development of science; whereas the collision 
theory has oversimplified the concept of activation, the other 
glosses over the necessity of collision. 

The theory starts from the idea that a molecule or group of 
molecules can react only if it gets into a state in which it contains 
much more than the usual amount of energy. It must, according 
to a frequently used phrase, cross an energy hill or barrier. Just 
as a hill has a summit from which it is possible without further 
expenditure of energy to roll down on either side, so a reacting 
system must go through a state, the transition state, from which 
it may advance to form the reaction products or return to form 
the reactants, without in either case requiring any further supply 
of energy. The transition state is the half-reacted state; in 
view of its high energy content and in the light of the Boltzmann 
principle it must be a relatively improbable state, one in which 
only a small fraction of the molecules exist at any time. 

The transition-state theory^® endows this transition state with 
many of the properties of a stable substance. The justification 
for this is most easily visualized in terms of the following con- 
siderations.^®® If the reversible reaction 

A B (X) 

is in a state of equilibrium so that A is being converted to B 
and B to A at equal rates, there must also be equilibrium with 
respect to all the intermediate states between A and B. In 
particular, there must be equilibrium between the molecules of 
the reactant and those in the transition state, so that the con- 
centration of molecules in that state is related to the con- 
centration of A by the equilibrium equation 

^ = i?:* (63) 

^(a) Pblzbr and Wignek, Z. physik, Chem,, B16, 445 (1932). (h) 

Eyeing, J, Chem. Phys., 3, 107 (1935). (c) Evans and Polanyi, Trans. 

Faraday Soc., 31, 875 (1935). 
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Since is an equilibrium constant, it must satisfy the funda- 
mental equations for an equilibrium state (page 77) in the form 

AGi = - RT In = AEpt + AEz^ - RT In ^ (64) 

JA 

Am = RT^ — = AEpi + AEz^ + RT^ - - Jy— (65) 

Here is the partition function for the transition state, and 
AG^ and AH^ are called the free energy and the heat of activation, 
respectively. 

Because the rates of the forward and reverse reactions are 
equal, just half of the molecules in the transition state must be 
in the process of reacting to form B, the other half in the process 
of reacting to form A. The rate of conversion of A to B is, 
therefore, 3^z;^ir^CA, for K^a. is the concentration of molecules 
in the transition state, is their specific reaction rate, and one- 
half of them are reacting in this' direction. But the concentration 
of molecules that are in the course of reacting from B to A can 
have no influence upon the concentration of those reacting from 
A to B. Consequently, the rate of the latter process must 
remain the same, even though the system is no longer in equilib- 
rium, when the former reaction is suppressed by reducing the 
concentration of B to a very low value. The specific rate of the 
A — ^ B reaction is, therefore, 

k - ( 66 ) 

regardless of the extent to which the reverse reaction may be 
occurring. The transition-state theory now proposes the hypoth- 
esis that the quantity has the same value for all reactions 
and that, in particular, it is equal to kTfh.'^^^ This hypothesis 
is an eminently reasonable one in terms of general statistical 
mechanical considerations. It is strongly supported by the 
usefulness of its corollary that the change in rate of reaction 
produced by a change in the structure of a reactant or in the 
medium in which the reaction occurs is proportional to the change 
in a quantity that has the properties of an equilibrium constant.^® 
Thus if hx is the rate constant for the reaction of a particular 
Wtnnb-Jonbs and Eybino, Ckem, Phya.j 3 , 492 ( 1935 ). 
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substance in a particular medium and is the constant for 
another reactant or for the same reactant in another medium, 
then 




(67) 


where the iT^s are equilibrium constants, subject to equations 

(64) and (65). 

Potential Energies and Kinetic Energies in the Reaction-rate 
Problem. — In view of the definitions given in equations (64) and 

(65) and the constancy of the difference in free energies of 
activation of two reactions is given by 

AOa^ -AGit = 

= {AEpc?- “ AEph^) + {AEza^ — AEzb^) — 

firing' (68) 

and the difference in the heats of activation by 
AHJ^ - AHii = RT^ 

= {AEpa^ — AEpb^) “h (AEzo^ — AEzh^) -|- 



As in the equilibrium case (page 77) the problem of the effect 
of structure upon rate of reaction and upon its temperature coeffi- 
cient reduces to the consideration of the sum of two terms, one of 
which depends upon potential energies only, whereas the other 
requires a knowledge of the kinetic energies of vibration and 
rotation. 

Here also the case that 


AGJ - AOb^ = AHa^ - AHb^ (70) 

is an important special one, which can occur only if the terms 
involving the/’s in equations (68) and (69) vanish, which implies 
a large probability that the term involving the Ez^s also vanishes. 
Consequently, in this case but in this case only, the quantity 
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k 

—RT In Y Pleasures the difference in the potential energies of 

activation of the two reactions AEpJ- — AEpb^, Only in this 

k 

case can either —RT In -77 or the change in heat of activation 

fCh 

AHJ — AHb^ be interpreted in terms of electron displacements, 
dipole fields, or the like. 

By analogy with thermodynamic quantities an entropy of 
activation AS^ may be defined by the equation 




(71) 


Like the thermod 3 mamic entropy it may be expressed as a func- 
tion of A(?t alone by combining the defining equations for AH^ 
and A(?t [(64) and (65)] to give 


Am = 




dr 


. yz . 


TdAGi 

dT 


- AGi 


J’2 


and 


TAS^ = Am - AG^ 


TdAG^ 

dT 


ASi 


dA(?t 

dr 


(72) 


The condition of equation (70) which permits the interpretation 
of the effect of structure on reaction rate in terms of potential- 
energy quantities may by equation (71) be expressed as 

ASJ - ASit = 0 (73) 

The condition is, therefore, that the entropies of activation have 
the same value for the different reactants. In view of equation 
(72) and the definition of <?* it may be expressed as 



in which form its applicability may be most easily tested. 
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The snmfi condition may be expressed in terms of the proba- 
bility factor P of the collision theory by the following considera- 
tions. The quantity P is defined by equation (61), which 
together with the definition of the energy of activation (52) 
leads to 

InP = In A - In Z -t- r ^ 2 ^ 

^nd for two reactions a and h 

whereas the same considerations that led to equation (74) show 
that 

ASa*- W = =Pln| + J?T-^^ (76) 

Equations (76) and (76) are consistent only if 

- A-Sst = Pln^ (77) 

The condition of equations (70), (73), and (74) may, therefore, be 
put in the form that the PZ product must have the same value for 
the reactions compared. Since the Z factor is not likely to differ 
greatly, this is practically equivalent to the condition that P 
have the same value for the different reactions. 

The determination of energy of activation and probability 
factor, useful and important as these data are, does not represent 
an analysis of the rate problem into simpler terms. The only 
helpful analysis is into potential and kinetic energies, and the 
energy of activation is no more reliable a measure of the 
potential-energy quantity than is the free energy of activa- 
tion or —RT In fc. Only in so far as it determines whether the 
simplifying condition of equations (70), (73), and (74) applies 
does the determination of the activation energy yield any closer 
approach to the problem of structure and reactivity than does 
the measurement of the rate constant at one temperature. 
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Reaction Series with Constant Entropies of Activation : Ben- 
zene Derivatives. — In close analogy with the equilibrium problem 
the entropy of activation has been found to be constant in any 
series of reactions in which the members of the series differ only 
by a meta or para substituent in a benzene derivative. Thus 
Table I lists the specific rates at 25°c of the saponification by 
sodium hydroxide in 85 per cent ethanol-water solution of a 
series of ethyl esters of carboxylic acids and the difference 
between the entropy of activation AS^ of each ester and that of 
ethyl benzoate A/So^. 

Table I. — Alkaline Htdeolysis of Ethyl Esters in 85 Per Cent 

Ethanol 


Rate constants (liters per mole sec.) at 25 ®c and relative entropies of 
activation (calories per degree). Reference substance ethyl benzoate^ 


Ester 


ASt - ASot 

Ester 

10% 

ASt — AjSo^ 


6.50 

0 

o-Chlor benzoic 

13.9 

—4.7 

p-Amino benzoic . . . 

0.127 

-0.1 

o-Nitro benzoic 

54.1 

-4.5 

p-Methoxy benzoic. 

1.15 

-0.3 

Acetic 

69.5 

-6.1 

p-Methyl benzoic. . . 

2.51 

+0.1 

Propionic 

35.5 

-6.6 

p-Chlor benzoic .... 

23.7 

-0.3 

n-Butyric 

18.3 

-6.3 

p-Brom benzoic 

28 9 

0.0 

i-Butyric 

8.01 

-8.5 

liAnzoic 

27.8 

— 0 1 

w-Valeric 

19 2 

—7.4 

2 >-Nitro benzoic .... 

567. 

-1.8 

i-Valeric 

4.27 

-7.3 

Benzoicl^ft 

6.21 

+0.1 

Metbylethylacetic 

3.08 

— 8.5 

7»-Metbyl benzoic. . 

4.33 

-0.2 

Trimetbylacetic 

0.254 

-8.1 

m-Chlor benzoic . . . 

47.7 

-1.0 

n-Hexoic 

20.7 

-7.0 

m-Nitro benzoic 

429. 

+0 8 

Diethylacetic 

0.167 

-8.1 

ji-Tnnft liftiizoic 

12.6 

— 0.1 

Ti-Heptoic 

17.9 

— 6.9 

p-Nitro benzoic .... 

720. 

-0.2 

n-Ootoio 

18.4 

-6.4 

o-Methyl benzoic . . . 

0.776 

-3.3 




o-Fluo benzoic 

23.2 

-0.2 





The mean value of the entropy difference for the meta and 
para derivatives is —0.2, and the median deviation of the indi- 
vidual values from the mean, the ^^probable error of a value,^'^® 

(a) Data for the first 8 items from Ingold and Nathan, J. Chem, Soc,j 
222 (1936), (6) Remaining data from Evans, Gordon, and Watson, /. 

Chem. Sec.f 1430 (1937); 1439 (1938); the data for acetate, propionate, and 
butyrate corrected by Smith and Levenson, J. Am, Chem. Soc.j 61 , 1173 
(1939). 

“ Wright and Hayford, '‘The Adjustment of Observations,” New York, 
1906. 
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is 0.3. This is no greater than the experimental uncertainty 
since a probable error of 1 per cent in k leads to a probable error 
in AS^ of 0.34. Furthermore, the largest changes in AS^ appear 
in those cases where the rate is so fast that its precise measure- 
ment is difficult. 

The constancy in entropy of activation is confined to the 
meta and para derivatives. With the notable exception of the 
fluorine compound, the entropies of activation are lower for 
the ortho derivatives by an amount well over the experimental 
error. The values for the aliphatic esters are still lower, the 
difference between benzoic and aliphatic esters being equivalent 
to nearly two orders of magnitude in the value of fc. 

The relatively small effect of a meta or para substituent upon 
entropy of activation is a phenomenon of considerable generality. 
The median deviation of the values of A;S^ for the reaction of para 
and meta substituted anilines with similarly substituted benzoyl 
chlorides^® is 0.9; for the alcoholysis of eight para and meta sub- 
stituted triphenylmethyl chlorides, 1.05; for the alkaline 
hydrolysis of five benzyl acetates, 0.06; for the alkaline hydrol- 
ysis of eight phenyl acetates,^^ 0.3; for the alkaline hydrolysis of 
seven ethyl benzoates in acetone-water solution, 0.5; for the 
acid hydrolysis of six phenyl acetates, 0.6; for the acid hydrol- 
ysis of five benzyl acetates, 0.3; for the methylation of seven 
para substituted dimethylanilines,^^® 0.6; for the acid-catalyzed 
esterification of nine benzoic acids, 1.1 ,'^2^ for the acid hydrolysis 
of eight ethyl benzoates, 2^ 1.5 in alcohol-water and 0.5 in acetone- 
water solution. 

It has been suggested23»24 that in some reactions AS^ or, what 
is the same thing, log P may vary as a function of AG^ or of AH^, 
As in the equilibrium case (page 84) such a relation is entirely 
reasonable for reactions involving ions or leading to the forma- 
tion of ions. Whether it really exists does not appear from the 

Williams and Hinshblwood, J. Chem. Soc.^ 1079 (1934). 

20 Nixon and Branch, J, Am. Chem. Soc., 68, 492 (1936). 

2iTommila and Hinshhlwood, J. Chem. Soc., 1801 (1938). 

22 (a) Davies, J. Chem. Soc., 1865 (1938). (b) Hartman and Borders, 
J". Am. Chem. Soc., 59, 2107 (1937). 

22 Timm and Hinshelwood, J, Chem. Soc., 862 (1938). 

Hammett, J. Chem. Phys., 4, 613 (1936); J. Am. Chem. Soc., 59, 96 
(1937). Hinshelwood, LAmLER, and Timm, J. Chem. Soc., 848 (1938), 
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available data. “^Thus the data^^ for the alkaline hydrolysis of 
eight para and meta substituted derivatives of CeHsOSOs'" can 
be fitted to the equation = a + bAG^. The best value of 
the slope b is found by least squares naethods to be 0.0044 with a 
probable error of 0.003. This leaves little assurance that the 
variations in AS^ are anything but random. 

Relations between AS'^ and AH^ or between log PZ and E°‘ 
are especially likely to be illusory in cases in which the variation 
in rate constant from substance to substance is small. If h 
were constant and AH^ variable, log PZ would necessarily be 
linear in AH^ with the slope l/(2.3032?r). 

In the light of this evidence and that obtained from the study 
of equilibrium (page 84), it is clear that the effect of a 'para or 
meta substituent on the reactions of benzene derivatives is 
exerted solely or chiefly through the AEp term of equation (64) 
and equation (30), Chap. III. The substituent has little or no 
effect upon the terms that involve the internal kinetic energies. 
Consequently, such reactions offer an especially simple case in the 
general problem of the effect of structure upon reactivity (page 
118). 

On the other hand, it is quite as apparent that other kinds 
of change in structure are likely to involve both the kinetic and 
the potential-energy terms of the fundamental equilibrium and 
kinetic equations. The evidence to this effect in Table I is 
supported by the following. The entropy of activation for the 
acid hydrolysis of ethyl trichloracetate is 11.8 cal./deg. less than 
for ethyl acetate, and the value for the latter is 1.5 units higher 
than the average for the meta and para substituted benzoic 
esters.2® It averages 4.6 units less for the reaction of alkyl 
iodides with triethylamine than for their reaction with pyridine.^® 
It is 11.8 units greater for the acid-catalyzed esterification in 
methanol of benzoic than for that of diphenylacetic acid.^ 
Finally, the wide variations in the entropies of ionization of 
carboxylic acids (page 84), together with the Br0nsted law 
(page 222) connecting ionization constants with rate constants 

2® Btjrkhardt, Horebx, and Jbkkxns, /. Chem. Soc.j 1649 (1936). 

Laidlee and HnsrsHBLWoon, J. Chem. Soc., 858 (1938). 

27 Hinshelwood and Lbgaeb, J. Chem, Soc., 587 (1935). Smith, 
J. Am. Chem. Soc., 61, 254 (1939). 
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of catalyzed reactions, require a considerable Variability in the 
entropies of activation of the catalyzed reactions. The available 
data^ are consistent with this requirement.^ 

There are, however, cases in which ortho substituents have 
a negligible effect upon the entropy of activation. In the hydrol- 
ysis of aryl sulfuric acids, ortho substituted derivatives show a 
slightly smaller median deviation (1.0 cal./deg.) than the meta 
and para compounds (1.2) from the equation defined by the 
latter (page 123). 

Temperature Effects in Orientation in the Benzene Ring. — A 
reaction involving substitution in the benzene ring usually occurs 
in more than one position relative to an existing substituent and 
would no doubt be found to take place in all possible positions 
were sufficiently sensitive methods of analysis of the reaction 
product available. If a monosubstituted benzene CeHsA reacts 
with the substance RB to form the various compounds CeHiAB, 
the rate of formation of the para derivative will be given by some 
such equation as 

" ApICeHsAMRB]*' (78) 

and that of the ortho derivative by 

= 2A:.[C6H6A]*[RB]v (79) 


Here hp and ho are the specific rates of reaction of RB with a 
para and with an ortho carbon atom, and the statistical factor 2 
in equation (79) arises from the fact that there are two ortho 
positions. If, as is probable, the factors x and y are the same, 
division of equation (79) by equation (78) yields 

d[0“C6H4AB] _ 2ho 
d[p-C6H4AB] “ kp 

which may be integrated immediately to 


[0-C6H4AB] ^ ^ 
[p-~C6H4AB] hp 


^ Smith, J. Chem. Soc., 1744 (1934). BAU<3^HA^r and Bell, Proc. Roy, 
Soc. (London), A158, 464 (1937). 
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The ratio of the relative amounts of ortho and para substituted 
products is therefore independent of time, and the ratio of the 
specific rates K/kp may be determined by determining the rela- 
tive amounts of the two products, either after reaction is complete 
or earlier if desirable. If, further, one determines the way in 
which the composition of the reaction product varies with 
temperature, one may calculate the quantities 


AHo^ - AHpt = 
ASo^ - ASp^ = 


RT^ d[ln (h/kp)] 
dT 

d[RT In (ko/kp)] 
dT 


(82) 

(83) 


The entropy differences thus obtained have been found^® to be 
small (Table II) in all the cases investigated and are probably 
within the experimental error, because they are largest in those 
cases in which the proportion of one product is so small that the 
error in its measurement is large. Consequently, the orientation 
of substituents in the benzene ring is another case in which the 
potential-energy quantity AEp may be approached from rate 
measurements — another case in which the structural problem 
is an especially simple one. In this case, moreover, the relative 
rate of reaction in the ortho position is just as much a purely 
potential-energy problem, free of kinetic-energy complications, 
as it is in the other positions. 

The constancy of the entropy of activation has an important 
practical effect. By equation (83) it implies a zero value of the 
derivative in that equation, from which 

RT In ^ = a constant (84) 

tCp 

In order that this equation be satisfied, it is necessary that 
In (ko/kp) approach zero and K/kp approach unity as T increases 
toward infinity. If the ratio of the rates is greater than one, 
it must therefore decrease, if less than one, it must increase as 
the temperature rises. Except for minor complications due to 
statistical factors, such as the 2 in equation (79), the proportion 

ScHEPFBB and Brandsma, Rec. trav, chim.y 46, 522 (1926). Bbadfield 
and Jones, J. Chem. Soc., 1006 (1928). 
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of the suDstance formed in smaller amount must also increase 
with rising temperature. 

Even when there are differences in the entropies of activation, 
a similar although approximate conclusion may frequently be 
drawn. This furnishes an explanation for the generalization, 
familiar to practicing organic chemists, that a low temperature 
tends to reduce the proportion of minor by-products and, conse- 
quently, to improve the yield and ease of purification of a major 
product. 


Table II. — Relative Rates and Entropt of Activation Differences 
IN Orientation in the Benzene Ring^® 


Reaction 

Positions 

involved 

Relative 
rates, 0®c 

Entropy 

dif. 

Nitration of chlorbenzene 

oh 

0.215 

-0.5 

Nitration of brombenzene 

oh 

0.303 

0,0 

Nitration of iodobenzene 

o/v 


-0.5 

Nitration of benzoic acid 

olm 

0.230 

-t-2.0 

Nitration of ethyl benzoate 

ojm 

0.414 

-1.4 

Nitration of toluene 

olm 

14.9 

+3.1 

Nitration of toluene 

oh 

0.761 

+0.5 

Bromination of toluene 

oly 


1 +1.0 

Nitration of 3-chlorbenzoic acid 

% 

0.087 

-2.3 

Nitration of S-brombenzoic acid 


0.15 

-0.2 

Nitration of 1,3-dichlorbenzene 

% 

0.040 

0.0 

Nitration of 1,2-dichlorbenzene 


0.078 

+0.9 

Nitration of 2-chlorbenzoic acid 

% 

0.19 

-0.5 

Nitration of 2-broinbenzoic acid 

% 

0.245 

0.0 


Entropy of Activation and Molecular Complexity. — The 
entropy of activation for the reaction in the gas phase of cyclo- 
pentadiene with a-naphthoquinone is 5.3 cal./deg. less than for 
the reaction with benzoquinone; that for the reaction of a second 
molecule of cyclopentadiene with cyclopentadiene benzoquinone 
is 2.2 units less than for the reaction of the first molecule with 
benzoquinone.®^ If the decrease in entropy of activation with 
molecular complexity thus indicated is general, it will go far to 
account for the well-known fact that polymerization reactions 

Wassermann, Tram. Faraday Soc., 32, 69 (1936). 
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slow down as the degree of polymerization increases.®^ The 
decrease in entropy with increasing molecular size implies a 
decrease in the kinetic-energy terms of the fundamental rate 
equation. Since the potential-energy term can be affected only 
slightly, the rate must decrease. 

The Br^nsted Rate Equation. — The transition-state theory is 
consistent with the important rate equation of Br0nsted^^ which 
describes the effect of the medium upon reaction rate. If the 
rate expressions 


= A-i[C][D]/ 


( 85 ) 


for the forward and reverse reactions 


A-fB:?=i:C + D (XI) 

are to be made consistent with the exact equilibrium expression 


[C][D] ^ 
[A][B] ” 


( 86 ) 


they must be altered at least by the inclusion of the activity 
coeflBlcients of reactants and products as factors. The simplest 
hypothesis, viz.^ that 


vi = Ai[A][B]/a/b = hiaxOB ) 
= A-i[C][D]/c/d = A-xOcaDj 


( 87 ) 


is unsatisfactory because it leads to the entirely incorrect con- 
clusion that the rates of all reactions between ions must be 
decreased by increase in ionic strength. 

Most chemists were prevented from even approaching this 
problem by one of those generalizations from insujfficient data 
which have so often plagued physical chemistry, viz.^ the conclu- 
sion that all reactions between ions are too fast to be measured. 
Br0nsted, being well-schooled in the chemistry of the cobaltam- 
mines, knew that this is not so and was led by observation of the 
behavior of such reactions to the equations 

’^Bawn, Tram, Faraday Soc,f 32, 178 (1936). Dostal and Mabk, 
Angew. Chem.^ 60, 348 (1937). DosTAn, Monatsh,, 67, 63 (1936). Flory, 

Am. Chem, Soc. 61, 3334 (1939). 

Br0]S'stbd, Z. physik. Chem., 102, 169 (1922), 
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Vi = Ai[A][B]^ 

J* 

«_i = k.r[G][D]^ 


( 88 ) 


Here is the activity coefficient of the critical complex/' a 
haK-reacted state, identical for forward and reverse reactions, 
which is obviously equivalent to the transition state of the theory 
of that name. The equations are consistent with the equilibrium 
law, because fx cancels out when vi is set equal to 

The value of is not directly measurable but is predictable for 
reactions between ions in dilute solution, because the charge oq 
the critical complex is necessarily the algebraic sum of the 
charges on the reacting ions. When A and B are singly charged 
ions of opposite sign, fx is the coefficient of a neutral molecule 
and is relatively unaffected by changes in ionic strength or nature 
of the medium. Since /a and /b decrease with increasing ionic 
strength, the addition of salt must decrease the rate of reaction. 
If, however, A and B have the same sign, /, is the coefficient of a 
doubly charged ion, which decreases more rapidly with increasing 
ionic strength than does the product /a/b. Consequently, the 
addition of salt increases the rate of reaction. If, finally, A 
is an ion and B an uncharged molecule, the critical complex will 
be an ion of the same charge as A. Neither the ratio /a//x nor 
/b is much affected by changes in ionic strength, and the addition 
of salt has little effect upon the rate. The negative, the positive, 
and the null salt effects thus predicted have been observed in a 
wide variety of reactions. The verification of equation (88) 
becomes quantitative when the ionic strength is so low that the 
Debye-Htickel expression for the variation of activity coefficient 
with ionic strength is applicable.®^*®® 

Unfortunately, the activity coefficient of the transition state 
is predictable only in the limited case of very dilute solutions of 
electrolytes in a solvent of reasonably high dielectric constant 
and is not in any case accessible to independent direct measure- 
ment. This limits the application of the Br0nsted equation, 
although there can be no doubt of its general validity. 

The transition-state theory supposes that the rate of ggiy 
reaction is given by the product of the concentration of molecular 
wLaMek, Chem. Rev., 10 , 179 (1932). 
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groupings in the transition state by a constant rate [equation 
(66)]. The application of exact rather than approximate 
thermodynamics gives for the concentration c* of systems in the 
transition state of reaction (XI) 


ct 

CM 



(89) 


Consequently, the rate v is given by 


t; = (90) 

and the specific rate k by 


k = 


(91) 


which is equivalent to the Br0nsted equation. 

The Importance of a Constant Medium in Kinetic Investiga- 
tions. — Because of the presence of the activity coeflicients in the 
exact rate equation [(88)], valid conclusions with respect to 
reaction order and mechanism can be drawn only from experi- 
ments in which the nature of the medium iS nearly constant. 
With respect to reactions in solution this requires that the effect 
of varying concentration of the reactants be observed in solutions 
in a single solvent or mixture of solvents of constant composition 
and that the only variable concentrations be those of solutes 
present in relatively dilute solution. The failure to recognize this 
fundamental limitation has been a fertile source of error in the 
interpretation of kinetic data on reaction mechanisms. 

When the reactions involve 'ions, the limitation is especially 
important because the rate is so sensitive to ionic strength. The 
stratagem of using a high and relatively constant ionic strength 
is just as effective in the rate problem as in the equilibrium one 
(page 94) and has played an important role in recent investiga- 
tions of the catalytic effect of acids and bases (page 216). 

Reactions in the Gas Phase and in Solution. — It is only in the 
gas phase that the frequency of collisions between reacting 
molecules can be calculated with any certainty. In the light 
of the collision theory the study of reaction kinetics should, 
therefore, begin with and constantly refer back to reactions in 
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the gas phase. In terms of the transition-state theory, however, 
this supposed advantage of the gaseous state loses much of its 
weight because the collision frequency does not enter into the 
theory and the parallelism between dilute gas and dilute solution 
is just as useful [equation (91)] as it is for purely thermodynamic 
■problems. 

In any case, very few of the reactions of organic chemistry 
that are carried out in the liquid phase can be referred to the 
gaseous state as a standard because they either completely 
and obviously refuse to take place in the gaseous state or appear 
to take place only because the reaction occurs on the walls 
of the container. This has been proved with the following 
familiar reactions: the acid-catalyzed depolymerization of 
paraldehyde,^^ the hydrolysis of benzyl chloride,®® the conversion 
of methanol to methyl chloride or to methyl acetate,®® the 
hydrolysis of ethyl acetate,®* the reaction of triethylamine with 
ethyl iodide,®^ and that of acetic anhydride and ethanol.®^ 

These reactions are of a very common type which is either 
initiated by ions or forms ions as intermediates or final products 
(page 151); the energy required to form an ion in the gas state is 
prohibitively large. The reactions occur, therefore, only in 
polar solvents in which the energy of an ion is smaller. By con- 
trast, the typical reaction in the gas phase is initiated by or 
involves the transient formation of atoms or radicals (page 379). 
Reactions of the radical type do occur in solution, but the ionic 
type apparently offers in most cases a path of lower energy. 

Bull and Barnett, Trans. Faraday Soc., 33, 365 (1937). 

» Habker, J. Chem. Soc., 126, 500 (1924). 

Winbxbr and Hinshblwood, Trahs. Faraday Soc., 31, 1739 (1936). 

^ Moblwtn-Hughbs and Hinshblwood, J. Chem. Soc., 230 (1932). 



CHAPTER V 

THE DISPLACEMENT REACTION 

The Mechanism of the Displacement Reaction. — far the 
most important type of reaction in organic chemistry and prob- 
ably in all chemistry is the displacement the general symbol of 
which is 


A + BC-^AB-fC (I) 

A, B, and C may be atoms or groups of atoms, charged or 
uncharged. An obvious example is the second-order reaction 
of an alkyl halide with hydroxyl ion, 

CHsI + OH- CH3OH + I- (II) 

in which hydroxyl ion displaces iodide ion from its combination 
with carbon. The process is also involved in a great many 
reactions which are not obviously displacements -but which 
kinetic investigation has shown to consist of a series of reactions 
of that type. The prevalence of this kind of reaction can mean 
only that it encounters less resistance than alternative reaction 
paths; even making all necessary allowance for the effect of the 
kinetic-energy terms in the rate equation, it means that the 
energy barriers to be surmounted are lower for displacements as a 
group than for other types of reaction. 

The low barrier can be understood in terms of a picture of the 
reaction process the application of which to organic chemistry 
is due to Polanyi,^ although the fundamental method was jfirst 
used by London^ for the reactions of simpler substances. The 
problem is basically one of the energy of a system of three atoms 
or groups of atoms, which are capable of forming the two stable 
compoxmds AB and BC. The energy 0 of a BC molecule in the 
absence of the A atom depends upon the distance rso in the way 
shown in curve a of Fig. 1 (see page 31). Because of the char- 

^ Reviewed by Evans and Polanyi, Trans, Faraday jSoc., 34, 11 (1938). 

2 London, Z. Elektrochem,, 35, 552 (1929). 
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acteristic repulsion that stable molecules exert on other molecules 
or atoms at close distances (page 12), it will require the expendi- 
ture of work to bring an A atom 
into the neighborhood of the 
BO molecule. Consequently, 
b the energy of the system will be 
a higher when A and BC are close 
/ together, and a plot of energy 

^ I / / against rsc will be higher, as in 

I / / curve 6 of Fig. 1. With closer 

I / / approach the energy increases 

1\ // further and must be represented 

/ by still higher curves. 

^ A complete treatment would 

consider the angle ABC as well 

Pgj. as the distances but is fortu- 

Fig. v-1.— The energy of a BC nately unnecessary for the reac- 

moiecuie in the absence {a) and the tion-rate problem. Because of 
presence (o) of an A atom. , . i i •. « 

the exponential dependence of 
rate upon energy, the rate problem reduces to the determination of 
the lowest energy barrier that may be surmounted, any other 
reaction path being of subordinate importance. Now A is 



Fig. V-2. — Energy contours for a BC molecule in the presence of an A atom. 


repelled by both B and C, especially, however, by the latter with 
which it cannot form a stable compound. The easiest way, the 
one requiring the smallest expenditure of energy, by which A 
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may approach B is, therefore, the one that keeps A as far as 
possible from C; this configuration, in which the three atoms lie 
in a straight line, is the only one that need be considered. 

Potential-energy Diagrams. — Figure 1 attempts to represent 
in two dimensions the three-dimensional relationship by virtue 
of which the energy <l>is b, function of two distances r^c and the 
distance between A and B, t-ab. An alternative and instructive 
representation is a contour map of the energy in terms of the 
two distances, such as Fig. 2. The lines join points for which <i> 
has a constant value. 



0 12345 



Fig. V-3.— Energy contours for an Fio. V-4. — Energy contours for a sys- 
AB molecule in the presence of a C of A, B, and C atoms, 

atom. 

The same kind of analysis of the reverse reaction, which 
considers the effect of a C atom upon the dissociation energy 
of the AB molecule, leads to a similar plot, but one that is 
rotated 90 deg., as in Fig. 3. A system composed of an A atom 
and a BC molecule is not, however, really different from one 
composed of a C atom and an AB molecule; these are merely 
two possible ways of looking at the system of three atoms, and the 
two diagrams are two possible approximations. The actual 
energy will in no case be higher than that given by either approxi- 
mation; because of resonance it tends to be lower than either. 
The two diagrams must, therefore, be combined by taking for 
each point the lower of the two values given by Fig. 2 or 3 and „ 
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rounding off the resulting sharp angles in a way that corresponds 
to the existence of the resonance. The result is shown in Fig. 4 
and represents two valleys at right angles, joined by a pass the 
altitude of which is considerably lower than the flat tableland 
which corresponds to complete dissociation into the three atoms 
A, B, and C. 

A point at the bottom of the valley at the top left represents a 
BC molecule with an A atom at a large distance from it; one 
at the bottom of the valley to the lower right represents an 
AB molecule with a C atom at a large distance. Consequently, 
the transfer of a representative point from the first to the second 
position symbolizes the reaction of equation (I). The path by 
which this may occur with the smallest expenditure of energy 
is that represented by the dotted line of Fig. 4, in which the 
representative point travels up the bottom of one valley, crosses 
the pass at a relatively low altitude, and then follows down the 
floor of the other valley. This must be overwhelmingly the most 
probable course for the reaction. 

Chemical Inertia and Chemical Driving Force. — It is a most 
important feature of this picture that the energy required for the 
reaction is considerably less than that required to dissociate the 
BC molecule into B and C. The latter process is represented by 
the motion toward the upper right of the diagram of the point 
representing the state of the system, and this obviously requires 
much more energy than the traversal of the pass. This striking 
result is indeed a direct corollary of the nature of the system 
when it has just reached the top of the pass. At this point it is 
no longer a BC molecule with a separate A atom nor has it yet 
become an AB molecule with a separate C atom, it is something 
in between and in the course of changing from the one to the 
other. The AB molecule begins, therefore, to form before the 
BC molecule has completely dissociated, and the energy of 
formation of the new molecule is to a certain extent utilized in 
disrupting the old one. Evans and Polanyi^ have introduced the 
important and useful terms chemical driving force and chemical 
inertia in connection with this situation. By chemical inertia is 
meant the work that must be done to produce reaction, partly in 
breaking existing bonds, partly in overcoming the repulsions of 
the reacting molecules. By chemical driving force is meant the 
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contribution that the energy of formation of new bonds makes 
toward the overcoming of this inertia. The difference is the 
necessary potential energy of activation. 

The system, when its representative point is at the top of the 
pass, is clearly in the transition state of the last chapter. Its 
nature as something intermediate between AB and BC molecules 
is also borne out by the interatomic distances : the distance r^c is 
greater than it was in the stable BC molecule, the distance Tab is 
not so small as it will become in the stable AB molecule. The 
energy required to bring the representative point from the original 
valley bottom to the top of the pass is the AEp^ of the last chapter; 
actual energies and free energies of activation differ from it by 
virtue of the presence of kinetic energy in both reactants and 
transition state. 

Quantitative Approaches : Double Decompositions. — The Lon- 
don treatment has been developed quantitatively for application 
to reactions involving a free and unsaturated atom.* Such are, 
for instance, the reactions 

H -{“ CI 2 — ^ HCI -f" Cl 

Cl + Ha HCI + H (IV) 

which are known as important steps in the chain mechanism by 
which the reaction of hydrogen and chlorine takes place (page 
368), and the isotopic exchanges 

D + Ha ^ DH + H (V) 

A similar treatment may be applied to true double decomposi- 
tions,* such as 

H2 + l2^2HI (VI) 

In this it appears that the molecules must approach side by side, 
the larger iodine molecule stretching out until it finally engulfs the 
hydrogen molecule. The atoms of the latter also separate, but 
less rapidly, combining simultaneously with the iodine atoms. 
In the transition state, both iodine and hydrogen molecules are 
partly disrupted and hydrogen iodide molecules are partly 
formed. Double-decomposition reactions appear to be less 

’Etbing, J, Am. Chem. Soc.j 63 , 2537 (1931); Trans. Faraday Soc.^ 34 , 
3 (1938). 
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common than the displacement t3rpes, but their possibility must 
not be overlooked in discussions of mechanism. 

Semiquantitative attacks have also been made^ on the question 
of displacements involving valence-saturated structures, such as 
that of equation (H), but the problem is a more difl&cult one. 

Relations between Binding Energies, Rates, and Equilibria. — 
Probably the most important result of the Polanyi picture of the 
displacement reaction is the prediction that it permits of a rela- 
tionship between the height of the pass AjBp^ and the strength 
of the linkages in the molecules BC and AB.^'^ Given the 
reactions (I) and (VII) 

A + BC'->AB + C' (VII) 

which differ only in the substitution of the atom or group C' 
for C, the formation of the transition state requires the expendi- 
ture of a certain amount of work against the binding forces of the 
molecules BC or BC'. If the binding energy is greater in the 
first molecule, there is every reason to expect that the energy 
required to attain the transition state will be greater also. The 
greater energy of binding in the reacting molecule is likely, 
therefore, to be accompanied by a greater potential energy of 
activation. Less directly and less certainly, because of the 
kinetic-energy terms in the equilibrium and rate equations, it is 
likely to be accompanied by greater free energy of reaction and 
of activation, hence by decreased equilibrium and rate constants. 
The Polyani picture predicts, therefore, that a variation in the 
group C in the type reaction (I) should produce a general and 
approximate parallelism between the equilibrium constants and 
the rate constants of the resulting series of reactions and that the 
smaller values of both constants should appear in those cases in 
which the strength of the BC linkage is greatest. 

When the group A is varied, an increase in the strength of the 
AB binding must decrease the work required to attain the transi- 
tion state because this linkage furnishes the driving force of the 
reaction. Consequently, a general parallelism between rate 
and equilibrium constants is to be expected in this case also, 

< Hammett and Pplugbb, J, Am. Chem. Soc.^ 56, 4079 (1933). Hammett, 
Chem. Rev.j 17, 125 (1936). Ogg and Polanti, Tram. Faraday Soc., 31, 
604 (1935). 
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with smaller values of both corresponding to weaker values of 
binding energy in the AB molecule. 

When the group B is varied, the parallelism between rate and 
equilibrium cannot be expected to apply, because the energies 
of binding of both BC and AB are varied. If, as is possible, 
both energies increase by the same amount, the total energy 
change of the reaction will not be altered, but the energy required 
to attain the transition state will increase. A large decrease in 
rate will then be accompanied by a relatively small change in 
equilibrium constant. An extreme case appears in racemizations, 
in all of which the equilibrium constant, the ratio of dextro- to 
levo-form at equilibrium, has the value of unity. The rates, 
on the other hand, vary from the unobservably small to the 
unobservably great. Even in this case, however, strong linkages 
are likely to result in low reaction rate; the parallelism between 
energy of binding and rate should persist although that between 
rate and equihbrium disappears. 

The existence of parallelisms of this kind has been a widely 
accepted, although not always explicitly stated, principle of the 
practicing organic chemist. Aside from any theory it possesses, 
the ultimate justification is that it is satisfied in a sufficient 
variety of cases to make it a useful working rule; it may even 
be given quantitative expression for restricted groups of related 
reactions (page 215). It must, however, be used with care for 
its limitations, the guiding rule being that its precision and 
reliability are greater, the more closely related are the reactions 
to which it is applied. 

Because the principle has lacked until recently any theoretical 
background, because there are striking exceptions, and because 
it has sometimes been confused with the quite different effect 
of the displacement of the equilibrium of a reaction toward 
greater completeness by suppression of the reverse reaction, the 
physical chemist has tended to be scornful of the possibility of 
parallelisms between rate and equilibrium. The impossibility of 
their existence has even at times been erected into dogma, using 
as an example the racemization or the notable sluggishness of the 
reaction of hydrogen and oxygen. The racemization, however, 
fits satisfactorily into the frame of the Polanyi picture. The 
hydrogen-oxygen case disproves any general parallelism between 
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the rates and the equilibria of all reactions; it has no application 
to the question of a restricted parallelism in systems of related 
reactions. 

Aside from qualitative or even quantitative parallelisms of this 
sort, the great merit of the Polan3d analysis is that it answers 
one of the most puzzling questions of organic chemistry: Why 
is it that a compound that resists change over long periods of 
time, even though the system may be thermodynamically 
unstable, reacts readily in the presence of specific reagents? In 
the light of this analysis it is rapidly becoming apparent that the 
reagents which are effective in this sense are those which can 
enter into displacement reactions in such a way that the energy 
of formation of a new linkage contributes toward the rupture 
of an old — ^that the search for synthetic methods has been to a 
large extent a search for usable chemical driving forces. 

The Reaction of Alkyl Halides with Mercuric and Silver Salts. 
In the sense of the last paragraph, silver and mercuric salts are 
specific reagents for alkyl halides. This property of silver 
salts is a familiar fact of preparative chemistry, from which it 
is well known that silver oxide greatly accelerates the hydrolysis 
of the halide, and that halides react very much more rapidly 
with silver acetate than with sodium acetate in the synthesis of 
alkyl acetates. Although the fact is less familiar, mercuric 
salts are quite as effective as those of silver. It can hardly be a 
coincidence that the two substances silver ion and mercuric ion 
which are most notable for their affinity for halide ion should be 
the ones which most effectively activate reactions involving the 
separation of halide ion from an alkyl group. The evidence for 
the aflfinity is the small ionization of the mercuric halides, the 
insolubility of the silver halides, and the fact that silver halides 
dissolve in excess of halide ion to form complexes of the nature 
of Agl2.'* It is, therefore, probable that other ions that form 
moderately stable complex halide ions, such as copper, cadmium, 
and lead, will also accelerate the reactions of alkyl halides. 

If the driving force of these reactions comes from the attack 
of the metallic ion on the halogen, there are two possible modes of 
action between which a distinction is possible by kinetic methods.® 
Either the metaUic ion simply removes the halide ion, leaving the 

^ Eosebts and Hammett, J, Am, Chem. Soc.^ 69, 1063 (1937), 
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alkyl residue as a carbonium ion 

RCI H- Hg++ R+ + HgCl+ (VIM) 

which later reacts with a solvent molecule or a negative ion 

R+ + H2O ROH + H+ (IX) 

or 

R+ + NO3- RNO3 (X) 

Or the process is a single termolecular one, thus 


or 


RCI + Hg++ + H2O ROH + HgCl+ + H+ (XI) 

RCI + Hg++ + NOs- RNOs + HgCI+ (XII) 


In the case of the reaction with silver ion there are complications 
arising from the fact that the reaction is catalyzed by solid silver 
halide and is, therefore, largely heterogeneous. There are also 
some difficulties of interpretation in the homogeneous reaction 
with mercuric ion, which apparently result from the great 
tendency of mercuric ion to form complex compounds. A solu- 
tion of mercuric nitrate contains such substances as Hg(H20)4"^, 
Hg(H20)3(N03)“^, Hg(H20)2(N0s)2, and perhaps others, along 
with little if any uncombined mercuric ion. By analogy, a solution 
of the perchlorate contains Hg(H20)8(C104)+, etc. Each of these 
substances appears to have its own specific rate of reaction with 
alkyl halide, with the nitrate complexes, and to a greater extent 
the perchlorate complexes, more reactive than the hydrate. 
The situation is similar to the general acid catalysis (page 216 ) 
in which all compounds of hydrogen react with a substrate, each 
at its own specific rate. Consequently, sodium nitrate and 
other nitrates increase the rate of reaction of mercuric nitrate 
with benzyl chloride, and sodium perchlorate produces a still 
greater acceleration. It is, therefore, impossible to decide 
between the mechanism of reactions (VIII), (IX), and (X) and 
that of reactions (XI) and (XII) in terms of the acceleration 
produced by nitrate ion. The distinction is, however, possible 
upon the basis that the termolecular mechanism requires a simple 
relationship between the effect of nitrate ion upon the total rate 
of reaction of benzyl chloride and upon the relative amounts of 
benzyl alcohol and benzyl nitrate formed. The complete failure 
of this relationship to appear indicates strongly that the mecha- 
nism is the carbonium ion one of equations (VIII) to (X). In 
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this the total rate of reaction is that of equation (VIII), whereas 
the composition of the product is determined by the relative 
rates of reactions (IX) and (X). In view of the probability 
that the ion C6H5CH2+ is colored, the yellow color that appears 
during the course of the mercuric nitrate-benzyl chloride reaction 
and disappears as the reaction approaches completion is a con- 
firmation of the mechanism. 

Acceleration of Forward or Suppression of Reverse Reaction. — 
The acceleration of the hydrolysis of an alkyl halide by mercuric 
ion is an entirely different phenomenon from the suppression of 
the reverse reaction, which is so familiar in the chemistry of 
electrolytes. There are, in principle, two possible reasons why 
the reaction 

CeHjCHjCI + HjO -♦ CeHjCHjOH + H+ + Cl" (XI II) 
might fail to go at an observable rate. The reaction might be 
inherently slow, or it might be a fast one accompanied by an 
even more rapid reverse process. The latter hypothesis requires 
that mercuric or silver ion should suppress the reverse reaction 
by combining with the chloride ion, thus permitting the hydroly- 
sis to proceed; it also requires that the reaction of benzyl alcohol 
with hydrochloric acid should be rapid, which is not in fact the 
case. 

Other Electrophilic Displacements : Condensation Reactions. — 
The driving force of the benzyl chloride-mercuric ion reaction 
is the tendency of mercuric ion to attain a filled shell of valence 
electrons by sharing the electrons of the chlorine, which carries 
three unshared pairs. Mercuric ion may, therefore, be called 
an electrophilic or electron-seeking reagent' and the reaction of 
equation (VIII) an electrophilic displacement on chlorine. 

A aimilar process is possible whenever a compound containing 
unshared electrons is treated with a reagent with a large affinity 
for electrons. Thus an alcohol, or any other oxygen compound, 
carries unshared electrons on the oxygen; a strong acid contains 
loosely bound protons. Hence, there must be considerable 
tendency for the reaction 

•H 1+ 

r-o-hJ '+a- 

* Hvches and Ingolp, J. Chem. 80 c., 244, (1936). 



(XIV) 
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The addition of the proton must displace the electron system 
in such a way as to weaken the R — 0 bond and favor the rupture 




H 


R- O- H 


R+ + H - O - H 


(XV) 


which must be still further favored by the reaction of a second 
mole of acid 


r H -]+ r H 1 + 

I I 

_R-0-hJ + H- A;=±R+ + Lh- O- 


+ A- 


(XVI) 


The over-all effect of reactions (XIV) and (XV) or (XIV) and 
(XVI) is the displacement of the R+ ion from combination with 
oxygen by a proton, the driving force being the aiB&nity of the 
proton for the oxygen electrons. The reaction is, therefore, an 
electrophilic displacement on oxygen. A carbonium ion is a 
most reactive entity, and its formation and subsequent reaction 
represent a satisfactory mechanism for the wide variety of 
reactions into which alcohols may enter in the presence of strong 
acids (page 296). A notable example is the nuclear alkylation 
of aromatic hydrocarbons that occurs in the presence of 70 to 
80 per cent aqueous sulfuric acid.^ 

The same reactions may be produced by the action of boron 
trifluoride instead of sulfuric acid.* Boron fluoride is one of 
the most powerfully electrophilic substances known, because the 
boron carries only six valence electrons, whereas its filled shell 
contains eight. It reacts readily with fluorine compounds to 
form the stable ion BF 4 “ with hydroxyl compounds to form 
BFsOH^, and with ammonia to form BFsNHg; the source of 
energy being in every case the tendency of the boron to complete 
the octet 


1 

ilL • 

- 

1 — 

III ■ 

1 

• F- B- F' 


•F- B- 6- H 

■ Ll I 

1 


•F» 


(A) '(B) 


•F' H , 
•F- B" N- H 
*F* H 


(C) 


^ Meter and BERNHAtrER, Monatsh.j 63/54, 721 (1929). 

* (a) Mbbrwbin, Ber,, 66B, 411 (1933). (6) Croxall^ Sowa, and 

Nieuland, /. Org, Chem.j 2, 263 (1937). 
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Once attached to oxygen the boron lays claim to the available 
electrons so strongly as to weaken all the other linkages of the 
oxygen. Thus the hydrate {D) is an extremely strong acid*® 


■F> H 

>F- B- O- H 

“ I 

«F‘ 


*F' H 

i I 

• F- B- O- CHs 

“ I 

«F' 


{D) (E) 


SO strong that it forms a stable crystalline oxordum salt (page 
43). The alcohol analogues, such as (E), are not only strong 
acids, but also very active alkylating agents by virtue of the 
weakening of the C— 0 link. Even more effective for the latter 
purpose is the combination of boron fluoride and methyl fluoride 
(page 44). 

For the same reason AlCls is also a powerful electrophilic' 
reagent, and the driving force of the Friedel-Crafts reaction is 
its tendency to make up an octet of shared electrons by attacking 
the unshared pairs of chlorine atoms. Since indeed the formation 
of complexes of the type of BF 4 ~ and AlCU" is a very general 
property of metallic ions, the ability to act as an electrophilic 
reagent is of common occurrence in the compounds of all the 
metals except the alkalies and alkaline earths. A typical exam- 
ple is zinc chloride, which is frequently useful as a condensing 
agent.^ The importance of such electrophilic reagents as the 
equivalent of strong acids (proton donors) has recently been 
emphasized by G. N. Lewis. 

Whether a carbonium ion is set free as an intermediate in 
condensation reactions is a problem for investigation in each 
case, since the alkyl group may be transferred to a new linkage 
without actually being liberated. In any case the driving force 
is the aflSnity of the electrophilic reagent for the halogen or 
oxygen electrons. These reactions are, therefore, excellent 
examples of the use of a reagent with an aflBbity for the reaction 
product to speed up a reaction. 

Nucleophilic Displacements on Carbon and on Hydrogen. — 
Another important reaction type involves the direct displacement 

» Mbbrwbin, Ann., 456, 227 (1927). 

« Franklin Inst,, 226, 293 (1938). 
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of one group attached to carbon by another that carries an 
unshared electron pair. It may be called a nudeo'philic dis- 
placement on carbon; nucleophilic because the driving force is 
the nucleus-seeking tendency of the unshared pair, on carbon 
because it involves the displacement of one group attached to 
carbon by another. A familiar example is reaction (II), which 
may be written in more detail as 

H H 

- * « I 

+ + ['!•]- (II) 

- I “ "I 

H H 

The second-order kinetics and the stereochemical effects (page 
160) leave no doubt that reactions of this type do follow the 
course of simultaneous formation of new and rupture of old 
bonds and that the driving force is the aflBLaity of the oxygen 
electrons for carbon. A similar process is involved in the 
Williamson ether synthesis 


R'- Br* 4- [' 0- R"]- R'- 6- R" + [• Br*]- (XVII) 


in the reaction 


R'- Br* -f 



O* 

^ II 

->R'-0-C-R" + [» Br«I- 


(XVIII) 


and in the alkylation of sodium acetacetic ester 


R- Bj* + 


*6 H O' 

CHs- d-'C- C- OCaHs 

R 

['Br'] (XIX) 


O' H O' 

II I II ^ 

->CH3- C- C- C- O- CiH, + 


In spite of seeming differences due to a variation in electrical 
charge type, the same process^^ is involved in the alkylation of 
amines 

(a) BLaithaiit and Ingold, J, Chem, Soc.j 997 (1927). (6) Hughes, 

Ingold, and Patel, ibid., 526 (1933). (c) Glbave, Hughes, and Ingold, 

iUd,, 236 (1935). 
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H 

. I 

R-Br' +'N- H 
1 

H 


H 

R- N- H 

I 

H 


[■ Br']- 


(XX) 


and in the deconaposition of quaternary ammonium hydroxides 


CHs 

CHa - N- CHs 
CHa 


+ [-0-Hr 


CHa 

CHa- N' +CH8- 6- H (XXI) 
CHa 


All proton-transfer reactions (page 49) are by the same token 
nucleophilic displacements on hydrogen. 

Atom or Radical Displacements on Halogen. — When the dis- 
placing group is an atom or radical and reacts by virtue of a 
single unshared electron, the process may be called a radical 
displacement The most fully investigated example of this 
process is the reaction in the gas phase between atomic sodium 
and alkyl halide 

R' R' 

- • - I 

Na- + • Cl - C - R" -4 [Na]+[' Cl •]- + -C - R" (XXI I) 

“ 1 "I 

R'" R'" 


The reaction is much too rapid for ordinary methods of measure- 
ment, and an ingenious scheme was developed^^ which depends 
upon bringing together gaseous currents of the reactants at low 
pressures and determining by optical methods the dimensions of 
the zone that carries unreacted sodium vapor. The larger the 
zone, the slower the reaction. The demonstration of the presence 
of methyl, ethyl, and phenyl radicals when the corresponding 
halides were used places the correctness of equation (XXII) 
beyond doubt. 

The Wurtz and Fittig reactions can be accounted for in terms 
of the same initial step [equation (XXII)]. The more or less 
saltlike^^ alkali alkyls, which may also be formed from metal and 

12(a) Habtel and Polanti, Z. physik. Chem., Bll, 97 (1930). (5) 

Hartbl, Meeb, and Polanti, Md ., B19, 139 (1932), 

Hobn, Polanti, and Sttle, Z. physik. Chem., B23, 291 (1933). Hobn 
and Polanti, ibid .^ B25, 151 (1934). 

i^ScHLENK and Mabcus, Her., 47, 1664 (1914); Schlenk and Holtz, 
50, 262 (1917). Hein, Pbtzschneb, Wagleb, and Segitz, Z. anorg. 
aUgem. Chem., 141, 161 (1924). 
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alkyl halide/^ must result from a reaction of metal with rad- 
ical, e,g,y 

Na* + -CRs [Na]+[' CRs]" (XXI 1 1) 

The synthetic product may result from polymerization of the 
radical 

RaC- -h -CRa RaC “ CRa (XXIV) 

or from a nucleophilic attack of the carbanion on the alkyl halide 
[RaC •]- + •[- CRa RaC - CRa + [• [‘I" (XXV) 

These syntheses are far from clean, and the by-products are con- 
sistent with the mechanisms suggested. The action of sodium 
on chlorbenzene 3 delds only 20 per cent of biphenyl but much 
benzene, o-diphenylbenzene, and triphenylene, These 

are the products to be expected from a dismutation of the phenyl 
radical 

H H H H 

C-C c-c 

2H • 0< > C. ^ CaHa + H - C < >C. (XXVI) 

C*-C C-C. 

f \ * 

H H H 

Similarly, the action of sodium on n-amyl chloride yields con- 
siderable amounts of CsHioNaa as well as CsHnNa. This is 
demonstrated by the formation of sodium butylmalonate as 
well as sodium caproate upon treatment with carbon dioxide.^® 
The necessary dismutation must occur at the radical stage of the 
reaction since sodium amyl cannot be converted to the disodium 
compound. 

The formation of the Grignard reagent proceeds no doubt 
by way of radical and carbanion in the same way as in reactions 
(XXII) and (XXIII), but the carbanion enters into covalent 
combination with the magnesium. Although the Grignard 
reagent does yield conducting solutions in ether, transference 

(a) Morton, LbFbvbb, and Hechenbleiknbb, J. Am. Chem. Soc.^ 
68, 754 (1936). (6) Morton and Hechenblbikner, ihid.^ 68, 1697 (1936). 

Bachmann and Clarke, J, Am, Chem. Soc,, 49, 2089 (1927).*' 

(a) Nelson and Evans, /. Am, Chem, Soc,, 39, 82 (1917). (h) Kondt- 

RBW, Ber., 68B, 459 (1925). Kondtrbw and Manotbw, ibid,, 68B, 464 
(1925). (c) Evans and Lee, J, Am. Chem. Soc,, 66, 654 (1934). 
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experiments^^® show a net migration of magnesium toward the 
anode. This requires the formulation of the reagent as the 
magnesium salt of some such complex ion as {F) 


I Br * 

R- Mg- R 
1 

*Br» 

(>) 

The anodic products are those to be expected from the oxidation 
of the carbanion to a radical (page 381), and the useful reactions 
of the reagent are those of a carbanion (page 329). Whether 
these various I'eactions occur after, simultaneously with, or 
before the separation of the organic residue from the magnesium 
is not known. 

The correctness of these mechanisms, which attribute to the 
sodium or magnesium the function of a source of electrons, is 
verified by the fact that both Wurtz and Grignard reactions can 
be carried out by using an inert metal with an externally imposed 
negative potential instead of sodium or magnesium. Thus the 
electrolytic reduction of benzyl chloride^® or ethyl iodide^® in 
alcoholic medium yields appreciable proportions of dibenzyl and 
butane, respectively. As much as 30 per cent butane and up to 
40 per cent ethylene are found with ethyl iodide. The products 
may be attributed to the reactions 


CHa - CHa - r« 4- e CHs “ CHr + I" (XXVI I) 

2 CH 3 - CHr ^ CH 3 - CH, + CH 2 = CH 2 (XXVI 1 1) 

2 CH 3 - CHr CH 3 - CH 2 - CHa - CHs (XXIX) 

The electrolytic Grignard reaction is obtained by the electrolysis 
of a mixture of benzaldehyde and ethyl iodide made conducting 
by tetraethylammonium iodide. This yields at the cathode 


CeHs O - C2H5 

\ ^ 

c 

H CaHfi 


CeHs O • 
\ / - 

c 


_ H CaHsj 

m (H) 

^ Mathes, Dis., Munich, 1904. 

Plttmp and Hammett, Trans. Electrochem. Soc., 78, 523 (1938). 
Nelson and Collins, J. Am. Chem. Soc.j 46, 2266 (1924). 
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isolable amounts of the ethyl ether {G) of the carbinol which 
would have been formed had the aldehyde reacted with ethyl- 
magnesium iodide. The reaction course can hardly be any 
other than the electrolytic formation of the carbanion CsHs^, the 
addition of which to the carbonyl group yields the alcoholate 
ion H, the reaction of which with ethyl iodide according to 
equation (XVII) leads to ((?). The large amounts of ethylene, 
hydrobenzoin, unsymmetrical diphenylethylene glycol, ethyl 
benzoate, and stilbene also produced can be accounted for as 
resulting from the reactions of ethyl radicals formed according to 
reaction (XXVII) or from electrolytic reduction of benzaldehyde. 

Nucleophilic Displacements on Halogen : Addition of Halogen 
to Olefins, — The reduction of a halogen compound by halide ion 
may be classified as a nucleophilic displacement on halogen 

*6 Hl- 

1 5 I . . 

-C-'C +M-]' (XXX) 

H. 

The mechanism is strongly supported by the fact that the reac- 
tion goes easily only when the negative ion is stabilized by reso- 
nance as in the case shown. 

It requires a more violent break with tradition to recognize a 
similar process in the addition of halogen to the olefinic double 
bond, for which the classical picture involves the simultaneous 
addition of the two atoms of the halogen molecule to the unsatu- 
rated carbon atoms. This mechanism was, however, com- 
pletely exploded by the discovery^^ that the addition occurs 
predominantly in what is called the trans configuration. For 
instance, the addition of bromine to maleic acid yields almost 
exclusively racemic dibromsuccinic acid; when added to fumaric 
acid the product is chiefiy mesodibronosuccinic acid. If the two 

H-C-COOH HOOC-C-H 

II n 

H-C-COOH H-C-COOH 

(/) m 

“iKrOhnki! and TmKLiiR, Ber., 69B, 614 (1936). 

McJCenzib, Proc. Chem. Soc., 27, 150 (1911); J. Chem. Soe., 101, 1196 
(1912). HotMBBRa, C, A., 6, 2072 (1912). Frankland, J. Chem. Soe., 
101, 673 (1912). 
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atoms of a bromine molecule added simultaneously to the 
ethylene carbons of maleic acid (7), they would add to the same 
side, either in front or in back of the plane of the diagram. The 
two halves of the dibromsuccinic molecule would then be mirror 
images, and the substance would be the internally compensated 
meso form. The same process, called a ais addition, applied to 
fumaric acid (/) would lead to a racemic mixture of optically 
active forms. The configurations of maleic and fumaric acids 
are known beyond question from both chemical and physical 
evidence, those of the dibromsuccinic acids are proven by resolu- 
tion of the racemic substance. The actual addition is, therefore, 
trans and requires that the two bromines add one in front, one 
behind the diagram. This is inconceivable so long as the two 
atoms remain united in a bromine molecule; the process must, 
therefore, take place in at least two steps. 

That these steps involve ionic intermediates when the reaction 
occurs in polar solvents appears from the following evidence. 
When maleate or fumarate ion reacts with bromine in aqueous 
solution, a bromhydrine of the composition HOOC — CHBr — 
CHOH — COOH is formed along with dibromsuccinic acid, but 
the presence in the solution of a high concentration of bromide 
ion inhibits its formation. Further, much chlorbromsuccinic 
acid is formed when a high concentration of chloride ion is 
present. In the reaction of ethylene with bromine or iodine in 
aqueous solution, the addition of sodium chloride leads to the 
formation of chlorbrom and chloriodo ethanes, and Br — CH 2 — 
CH 2 — NO3 is formed by the action of bromine in the presence 
of a high concentration of nitrate ion.^^ All these effects are 
accounted for by the hypothesis that the initial step is the 
process^^’^® 


R R 

\ / — « 

C = C + ‘ Br- Br» 
✓ \ - - 

R R 


R 

C- R 

y I 

R- C- Br' 

I 

R 


+ ['Br']- (XXXI) 


Terkt and Eichblbergbr, /. Am, Chem. Soc.j 47, 1067 (1925). 
Francis, J, Am, Chem, Soc., 47, 2340 (1925). 

2® Roberts and Kimball, J, Am, Chem, Soc.j 69, 947 (1937). 
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The final products are then formed by the nucleophilic attack 
on the positive ion of bromide, chloride, or nitrate ions or of 
hydroxyl ion or water, e.g., 

R 1 + R R 

C-R C - C-R (XXXII) 

“ II 

R- C - Br' »Br» *Br‘ 

, - • - 

R 

The three-ring structure of the intermediate^® is required by the 
stereochemical specificity of the addition reactions. If the 
bromine were attached to one carbon only, there would be free 
rotation about the carbon-carbon link and maleic and fumaric 
acids must yield the same product or mixture of products. It is 
further inherently improbable that a carbon atom carrying only 
six valence electrons should be capable of existence in the close 
vicinity of the unshared electrons of the bromine. 

The addition of bromine to stilbene in methanol solution has 
been examined in an admirably critical fashion.^® Two products 
{K) and (L) are formed. 

CeHs - CHBr - CHBrCeHs CeHs - CHBr - CHOCHa - CeHs 

{K) (L) 

The possibility that the latter might result from the direct 
addition of CHsOBr is disposed of by the kinetics, the rate being 
first order in stilbene and independent of the acidity of the solu- 
tion. The equation for the formation of methyl hypobromite is 

Bra + 2CH3OH CHaOBr + Br" -|- CH3OH2+ (XXXI 1 1 ) 

Were this rate determining, the bromine addition rate would be 
independent of the concentration of stilbene; if the addition 
of the hypobromite to stilbene were rate determining, the rate 
of the addition would be proportional to the concentration of 
the hypobromite and would vary inversely as the concentration 
of the solvated hydrogen ion CH30H2‘*‘. 

The relative amounts of the substances (K) and (L) in the 
reaction product vary with varying concentration of bromide 
ion in a way that is consistent with the assumption that the 
positively charged intermediate may react in two ways 
Babtlett and TARBsnL, /, Am, Chem, Soc., 58, 466 (1936). 



150 


PHYSICAL ORGANIC CHEMISTRY 


rCsHs- CH- CH- CeH6l+ + Br-^CeHj- CHBr- CHBr- CeHs (XXXIV) 

L ' Br " J 

hi 

rC,H 5 - CH - CH - C.H61+ + CH,OH 4c«H6CHBr- CHOCH,- C,Hs 4- 

•- H+ (XXXV) 

The fraction x of methoxybromide formed must then vary 
according to 


X = 


K 


k, -t- fc6[Br-] 


(1) 


A comparison of observed and calculated values of x is given in 
Table I. 


Table I. — Composition of Reaction Product in the Stilbbnb-brominb 

Reaction^® 


[Br-] 

X (calc.) 

X (obs.) 

0.200 

0.812 

0.821,0.838 

0.193 

0.816 

0.813 

0.100 

0.897 

0.870, 0.907 


The total rate of reaction of stilbene is decreased by the addi- 
tion of bromide ion in a way that can be quantitatively accounted 
for on the basis that the tribromide ion known to be present by 
virtue of the equilibrium 

Br* + Br- Br." (XXXVI) 

reacts 

C,Ht - CH = CH - C,H 6 + Br, - fCsH, - CH - CH - C.H 5 I+ + 2Br- 

L 

(XXXVII) 

at a rate 100 times slower than does bromine. 

The two-step mechanism of the halogen addition is further 
verified by experiments with dimethylmaleate and dimethyl- 
fumarate ions.*^ Each of these reacts with aqueous bro m i n e or 
chlorine to give as ,a sole product one of two stereoisomeric 
lactones of structure (M) (X = Cl or Br). Under the prevailing 
Tasbxll and J. Am. Chem. Soe., B9, 407 (1937). 
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conditions, neither the dibrom compound (N) nor the brom- 

X Br Br 

I I I 

CH,-C-C = 0 CHs-C-COOH CH,-C-COOH 

II I i 

CHa - C - O CHa C - COOH CHa - C - COOH 

COOH Br OH 

(M) m (0) 

hydrine (0) is converted to the lactone; hence, neither can be an 
intermediate in its formation. The lactone is not, therefore, 
formed by way of addition either of Br 2 or HOBr to the double 
bond; it may be easily produced by an internal nucleophilic dis- 
placement from the three-ring intermediate 

«6 = c-o* 

HaC-C 

s 

Br' 

H,C-C 

- I 

iO*C“ 0* 

There is one known exception to the rule of trans addition of 
halogen in polar solvents : maleate ion yields the same product as 
fumarate ion, viz.j mesodibromsuccinate ion.^^ This reaction 
may be accounted for^® on the basis that the electrostatic repul- 
sion between the carboxylate ion groups is sufficient to rupture 
the three-membered ring and rotate the two halves of the molecule 
into the fumaroid configuration in which the charges are as widely 
separated as possible. 

Other Addition Reactions. — ^The halogen addition is typical of 
the reactions of the olefinic double bond. In polar solvents like 
water or methanol the intermediates are ionic, and the ethylenic 
compound acts as a nucleophilic reagent furnishing both of the 
electrons necessary for a new bond. Thus olefins react with 
acids (page 292) 

R R r R ^ R1+ 

'c = c" +HA-^ H-C-c" +A- (XXXJX) 

> X I 

R R L R R- 

Kxthn and Wagner- Jaubegg, B&r., 61, 519 (1928). 
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forming carbonium ions, which are the intermediates in a wide 
variety of reactions. In the gas phase or in solvents of low 
polarity, on the other hand, their reactions are generally com- 
plicated chain processes with atom or radical intermediates 
(page 373). 

The carbonyl group has a pronounced polarity, the oxygen 
being relatively negative, the carbon positive. When substances 
containing this unsaturated group react with acids, the proton 
goes to the oxygen (page 59), whereas the typical synthetic 
reactions of the group depend upon the electrophilic property 
of the carbon. A classical example is the cyanhydrine reaction, 
the final result of which is the addition of an HCN molecule to 
the carbonyl double bond. Yet acetone and HCN have a half 
time of reaction of 3 to 4 hr., although the reaction of acetone 
and cyanide ion under the same conditions is effectively complete 
in 2 min. The slow reaction with HCN probably depends 
upon the presence of small amounts of cyanide ion. The only 
reasonable mechanism is 


R 

C = O ' + [• C s N «]- 
^ *■ 

R 


'R 0* 

C 

R Cs N» 


(XL) 


followed by the transfer of a proton to the oxygen from a solvent 
molecule or from HCN or some other acid. 

The Validiiy of the Classification: Structural Effects. — The 
discussion of these examples of the displacement reaction has 
involved a classification and an accompanying nomenclature, 
which would be formal and trivial if they did not permit the 
correlation of otherwise unrelated phenomena. But this classi- 
fication does permit the qualitative prediction of the effect cf 
structure on reactivity to an extent that gives it utility and 
therefore validity. Table II contains data on the effect of the 
structure of the alkyl group on the rates of a number of reactions. 

The first nine reactions are nucleophilic displacements on 
carbon, the displacing agent being in some cases a negative ion, 
in others a neutral molecule with a lone pair. The reactions 

*®Lapworth, J. Chem, Soc., 83 , 995 ( 1903 ). Jones, {bid,, 106 , 1560 
( 1914 ). 
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of this group have the following features in common. The rate 
decreases in the order methyl, ethyl, ^-propyl, ^-butyl, i.e., with 
substitution of methyl for ct-hydrogen. It also decreases with 
substitution of methyl for /3-hydrogen, i.6., in the order ethyl, 
n-propyl, i-butyl. In the case of the final member of the latter 
series, /S-trimethylethyl or neopentyl, no reactions of this sort 
have been observed under the most strenuous conditions, such 
as the action of alcoholic potassium hydroxide at 100° for 20 hr. 
or that of potassium acetate in alcohol at 125° for 30 hr.®® The 
rate is only slightly affected by substitution of methyl for hydro- 
gen in the 7 -position or at a position more widely removed from 
the reacting group. Olefinic unsaturation of the a-carbon 
suppresses the reactions entirely as in phenyl and vinyl halides, 
whereas unsaturation of the /S-carbon in allyl and benzyl halides 
increases the rate largely. 

Reactions (10) to (14) involve an electrophilic displacement on 
halogen or oxygen. This is obviously the case with reaction 
(10), it is almost certainly so with the others. The reactions 
differ strikingly from those of the first group in the effect of the 
substitution of methyl for a-hydrogen. The rate increases in 
the order ethyl, i-propyl, ^-butyl, especially in the last step. The 
irregularity in the position of methyl may be due to a failure to 
isolate the reaction desired compared with a competing nucleo- 
philic displacement on carbon which leads to the same product 
(page 170). With respect to the substitution of methyl for 
jS-hydrogen and to the effect of unsaturation these reactions are, 
however, similar to those of the first group. Neopentyl,®® 
phenyl, and vinyl halides are completely unreactive toward silver 
ion. 

Reaction (16) is a radical displacement on halogen. It 
resembles the reactions of the second group in the effect of 
substitution on the a-carbon but is unlike those of either the 
first or second group in that of substitution on the /S-carbon and 
of unsaturation of the a-carbon, since the relative rates for vinyl 
chloride and chlorbenzene are 0.9 and 2.0. These structural 

Whitmore and Fleming, J, Am, Chem. Soc,j 66, 4161 (1933). 

The same structural effect appears in the reaction of alkyl bromides 
with the electrophilic HgBr 2 . Read and Taylor, J. Chem, Soc.t 1872 
(1939). 
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v.al, « too slow for measurement; v.f. =* too fast for measurement; none, difficult and easy are in terms of synthetic procedures. 
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Notes on the Reactions of Table II 

1. Alkyl chloride and potassium iodide in acetone at 60 °c, in some cases 
extrapolated from data at lower temperatures. Absolute value of second- 
order constant of ethyl chloride 5.44 X 10"® (l./mole sec.)®* 

2. Alkyl iodide and sodium phenolate in ethanol at 42.5^0.®* Second- 
order constant for methyl iodide 1.012 X 10"®. 

3. Alkyl iodide and sodium benzyloxide in ethanol at 30°c.®^ Second- 
order constant for methyl iodide 2.63 X 10"®. 

4. Alkyl iodide and sodium salt of l-phenyl-3-thiourazol in 50 per cent 
ethanol at 25 °c.®® 

5. Alkyl iodide and sodium acetacetic ester in ethanol at the boiling 
point. Very rough measurements of relative rates.®® 

6. Alkyl iodide and triethylamine in acetone at 100®c.®^ 

7. Alkyl iodide and dimethylaniline in ethanol at 40®c.®® Second-order 
constant for methyl iodide 1.31 X 10"*. 

8. Alkyl iodide and sodium thiosulfate in water at 25®c. Value for 
benzyl iodide estimated from that for benzyl chloride. Second-order 
constant for methyl iodide 0.0142.®® 

9. Same as 8, but in a 5:3 by volume ethanol-water mixture at 35 ®c.®® 
Second-order constant for n-propyl iodide 0.93 X 10"®. 

10. Alkyl iodide and silver rdtrate in ethanol at 25.4®c.*® The final 
products are alkyl nitrate and alcohol, with in some cases olefin. Second- 
order constant for methyl iodide 1.558 X 10"®. 

11. Alcohol and HBr with phenol as solvent at 80.3 Second-order 
constant for methanol 2.97 X 10"*. 

12. Alkyl acetate and HBr in glacial acetic acid at 18 to 21 ®c.*® 

13. Condensation of alcohol with benzene by 70 to 80 per cent H2S04.^ 

14. Solvolytic hydrolysis of alkyl bromide in 80 per cent ethanol at 25®c.*® 
First-order constant for methyl bromide 1.222 X 10"'^. 

15. Gas-phase reaction of alkyl chloride and sodium. 

®® CoNANT and Kirner, J. Am. Chem. Soc., 46, 233 (1924); Conant and 
Hussey, ibid., 47, 476 (1925); Conant, Kirner, and Hussey, ibid., 47, 
488 (1925). 

®® Segallbr, J. Chem. Soc., 103, 1154; 1421 (1913); 106, 106; 113 (1914). 

®* Haywood, J. Chem. Soc., 121, 1904 (1922). ' 

»® Agree and Shadingbr, Am. Chem. J., 39, 226 (1908). 

®» WiSLiCENUS, Ann., 212, 239 (1882). 

®7 Menschutkin, Z. physik. Chem., 6, 689 (1890). 

®® Preston and Jones, J. Chem. Soc., 101, 1930 (1912). 

®® Slator and Twiss, J. Chem. Soc., 96, 93 (1909). 

*® Burke and Donnan, J. Chem. Soc., 86, 555 (1904). 

*1 Bennett and Reynolds, J. Chem. Soc,, 131 (1935). 

*» Tronov and Ssibgatullin, Ber., 62B, 2860 (1929). 

*® Taylor, J. Chem Soc., 992 (1937). 
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effects are those which are qualitatively well known in the Wurtz 
and Grignard reactions, both of which succeed as well with 
phenyl, vinyl, and neopentyl halides as with any others. 

Without going further into the problem of the effect of struc- 
ture on reactivity, one may derive two useful generalizations 
from these data. (1) Reactions that are differently affected by 
variations in the structure of reactant belong to different reaction 
types and have different mechanisms and different driving forces. 
(2) No single order of ‘^electronegativity^^ or of “ Haftfestigkeit” 
can apply to reactions of different types. 



CHAPTER VI 

STEREOCHEMISTRY OF THE DISPLACEMENT REACTION 


Retention and Inversion of Configuration. — The Polanyi pic- 
ture of the displacement reaction has had a most important 
influence on the development of stereochemical theory because 
it offers so satisfactory a mechanism for the phenomena of the 
Walden inversion. The experimental crux of Walden^s dis- 
covery is the possibility of carrying out a cycle of reactions by 
which an optically active substance is converted to its isomer of 


^2 



^5 

Fig. VI-1. — Retentioa .(a) and inversion (6) of configuration in displacement 

reactions. 

opposite rotation. It is, for instance, possible to convert 
dextrorotatory chlorsuccinic acid to malic acid and then to 
change this to levorotatory chlorsuccinic acid. The existence 
of such cycles proves that a displacement reaction may be accom- 
panied by inversion of configuration in the sense of Fig. 1&. 
If as in Fig. la the displacement of a group X attached to carbon 
by the group Y leaves the relative positions of the central carbon 
atom and the groups Ri, R 2 , and Rs unaltered, the reaction is 
said to proceed with retention of configuration; if, as in Fig. Ih, the 
product is the mirror image of that produced with retention, the 
reaction is said to go with inversion of configuration, 

157 
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At least once, but possibly any odd number of times, during 
the cycle a displacement has, therefore, taken place with inver- 
sion j an even number of inversions restores the original con- 
figuration, Beyond this it is impossible to go on the basis of the 
inversion alone, because the cycle necessarily requires a number of 
displacements, a number that is not even known a priori because 
any one of the reactions which are recognizable in terms of 
isolable products may consist of a series of displacements with 
unstable intermediates. 

This situation produces two important and insistent problems. 
The structural theory of organic chemistry is incomplete so long 
as the relative configurations of synthetically related substances 
such as the chlorsuccinic acids and the malic acids remain 
unknown. And preparative chemistry is in an unsatisfactory 
state until it is possible by known and predictable methods to 
prepare a product of desired configuration from a given reactant. 
The first problem should, in principle, be soluble by methods of 
optical and structural theory; it is not at present soluble in 
practice on this basis, but considerable progress has been made 
from the study of reaction mechanisms. The second problem 
is in any case a problem in mechanisms, toward the solution of 
which the way now seems clearly laid out. 

Theoretical Approaches. — ^The displacement process discussed 
in Chap. V is at least consistent with the existence of inversions of 
configuration. When the symbols A, B, and C of the type 
reaction 

A + BC-^AB + C (I) 

represent single atoms, atom A is constrained to approach the 
BC molecule along the line of centers, keeping as far as possible 
from the C atom. If the same principle applies to displacements 
on an assonmetric carbon atom such as 

Ri Ri 

['[■]- + Rj- C- Cl' -»■! - C- Rs + ['Cl']- (II) 

- ✓ - • V 

R, Re 

the iodide ion must approach the CEiIlallsCl tetrahedron in the 
direction of the center of the face opposite the vertex occupied 
by the chlorine atom. As it approaches, the carbon-chlorine 
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link must stretch, and, in addition, the must recede from 
their original position. In the transition state they will lie 
in a plane with the central carbon atom or nearly so, and in 
the final product they will have continued their motion so that 
they lie on the opposite side of the carbon. Meanwhile, the 
iodine atom has become attached to the 
carbon on the side opposite to that origi- 
nally occupied by the chlorine, which has 
escaped as chloride ion. The process is 
symbolized in Fig. 2, in which a is the 
original state, h the transition state, and c 
the final state. The behavior of the three 
C — R linkages is like that of the ribs of 
an umbrella in a gale. 

This is a possible mechanism for the 
inversion, the diflSiculty is to determine if 
it is the only possible kind of displace- 
ment reaction. The theory demands only 
that the entering iodide ion approach in 
such a way as to. keep the repulsions due 
to groups or atoms with which it is not in 
the process of combining as small as possi- 
ble. Since it is repelled by the R’s as well 
as by chlorine, it is not obviously necessary 
that it keep as far from chlorine as possible 
at the expense of a closer approach to the 
other groups. If it should approach a face 
of the tetrahedron adjacent to the chlorine, 
the result would probably be retention rather than inversion of 
configuration. 

The field due to the dipole moment of the carbon-chlorine 
link would tend to orient the approaching ion away from chlo- 
rine,^ but the ion-dipole forces are much weaker than the valence 
forces that control the displacement process and can hardly be 
very significant. In fact, inversion occurs (page 176) even when 
one of the R groups is the carboxylate ion group, which must repel 
the approaching ion more strongly than the dipole, and would 
tend to orient it toward a face adjacent to the chlorine, 

1 Mber and PoLAinri, Z. physik. Ch&m.f B19, 164 (1932). 



C«) 

Ra 



Fig. VI-2. — Original 
(o) , transition (&) and 
^al (c) states in the dis- 
placement of chloride ion 
by iodide ion. 
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The hypothesis that the displacement is always accompanied 
by inversion has also been justified from pictures of the approxi- 
mate electronic distribution of the carbon atom^ and from other 
quantum mechanical considerations.® Both approaches are 
‘suggestive, but neither has been developed to the point where it 
might be called a proof. 

The Experimental Approach. — Experimental evidence has, 
however, reached a point where the principle that every displace- 
ment inverts is established with a high degree of reliability. 
This conclusion or indeed any definite one does not immediately 
emerge from the enormous amount of complicated and confusing 
data available. In addition to the fact that an actual cycle 
involves an unknown number of displacements, the racemization 
that frequently accompanies these reactions suggests the possi- 
bility of parallel reaction paths by which a reactant of one 
configuration leads to a product containing both stereoisomers. 
Finally, there is the unfortunate accident that the most easily 
available optically active compounds are the sugars, the terpenes, 
and the substances easily obtainable from amino acids or from 
lactic and malic acids. For reasons that will appear shortly, the 
reactions of these substances are exceptionally complex and 
diflScult to interpret. The failure to recognize them as special 
cases has contributed largely to an utter and complete confusion, 
which leads one almost to suspect that some investigators have 
wished to prove that the situation is too complicated to permit 
any solution rather than by simplification of the problem to 
proceed stepwise toward one. 

Reactions of Alkyl Toluenesulfonates. — A first and most 
important step in the direction of the necessary isolation of 
variables was made in a series of investigations by Kenyon, 
Phillips, and their coworkers. Recognizing the probability 
that the easily accessible substances might offer especially com- 
plicated material, they undertook and solved the difficult prob- 
lem of preparing a series of optically active alcohols containing 
only one center of asymmetry. Working with these they soon 

® Olson, J. Chem. Phys,^ 1 , 418 ( 1933 ). 

* Cowdrey, Hughes, Ingold, Mastbrman, and Scott, J. Chem. Soc,, 
1262 ( 1937 ). 
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found a number of clear and unambiguous cases of the following 
sort:^ 


C,H 5 -CHj H CcHj-CHj H 

' ' C7H7SO2CI ' ' 

C ► C 

^ ^ / \ 

CH 3 OH 

« = +33.02*^ 

(CH 3 C 0)20 

CeHfi-CHa H 

\ / 

C 

✓ \ 

CH3 OCO-CH3 

+7.13® 


CH 3 O-SOsCtHt 

[-31.11® 

CaHsOa- (III) 

CeHs-Cria H 

X ^ 

c 

CHa OCO-CH3 

a = --7.06® 


OH- 


CeHs-CHa H 

\ / 

G 

CHs OH 

Q! -32.18® 


The reaction of the dextrorotatory carbinol with toluenesulfonyl 
chloride followed by reaction of the toluenesulfonate with 
acetate ion (potassium acetate in alcohol) yields a levorotatory 
acetate, whereas the direct acetylation of the dextrorotatory 
alcohol yields a dextrorotatory acetate. All the reactions may 
be carried out with high yields, and the magnitude of the rotation 
of the two acetates is nearly the same. 

The step involving the rotation may be definitely placed by 
the following process of elimination. It cannot be the reaction 
of carbinol with sulfonyl chloride because this does not break 
any of the linkages of the asymmetric carbon. No inversion can 
conceivably occur unless one of these is broken and replaced 
by a new link in the opposite configuration. A displacement at 
another point in the molecule, in this case the displacement of 
hydrogen attached to oxygen by the toluenesulfonyl group, can- 
not invert. The same reasoning applies probably, although 
not so certainly, to the acetylation of the carbinol; the conclusion 
is proven by the fact that the dextrorotatory acetate obtained by 

^ Pbillips, Chem. 3oc., 123, 44 (1923). 
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acetylation of the dextro alcohol yields dextro alcohol on alkaline 
saponification. It is now known beyond question that the 
saponification of simple carboxylic esters leaves the carbon- 
oxygen linkages of the alcohol component untouched and so 
cannot invert the configuration of the carbinol carbon (page 354). 
Consequently, the inversion in reaction system (III) can have 
occurred only in the reaction 

CfiHs - CHa H CH 3 CO - O CHa - CoHfi 

\ ✓ \ / 

[CHaCOs]- + C ^ C 

/ \ ^ \ 

CHz OSO 2 C 7 H 7 H CHs 

+ [03SC7H7]-' (IV) 

This is indeed the kind of simple displacement process for 
which an inversion can be visualized in terms of the mechanism 
of Fig. 2. The toluenesulfonate ion plays the role of the chloride 
ion in that diagram, the acetate ion that of the iodide ion. 
Similar experiments have shown that the same sort of phenomena 
appear when valerates instead of acetates are used. A similar 
cycle demonstrates that the displacement of toluenesulfonate 
ion by ethylate ion inverts the configuration of the carbinol 
carbon. The reaction of the carbinol of equation (III) with 
ethyl bromide in the presence of potassium hydroxide is a 
nucleophilic displacement of bromide ion by the alcoholate ion 
of the carbinol; it does not affect the linkages of the asymmetric 
carbon and cannot invert its configuration. The ethyl ether 
of the carbinol thus obtained has a rotation of +23.60°, On 
the other hand, the reaction of the toluenesulfonate with ethyl 
alcohol in the presence of potassium carbonate yields an ethyl 
ether, the rotation of which is —19.90° and must have inverted 
the configuration. 

, Similar experiments with like results have been performed 
on the alcohols CsHr-CHOH— CHs,^ CHr-CHOH— 
COOC 2 H 6 ,® CHa — CHOH — CONH 2 / on menthol® and on the iso- 
meric 2-methylcyclohexanols.® With 5-octanol the toluenesulfo- 
nate was prepared by oxidation of the toluenesulfinate, which was 

® Kenyon, PHmLiPs, and Pittman, J. Chem. Soc,, 1072 (1935). 

« Kenton, Phillips, and Turley, Chem. Soc., 127, 399 (1925). 

^ Bean, Kenyon, and Phillips, J. Chem. Soc., 303 (1936). 

® Phillips, J. Chem. Soc., 127, 2552 (1925). 

® Gough, Hunter, and I^nyon, Chem. Soc., 2052 (1926). 
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in turn prepared by the action of toluenesulfinic chloride on the 
carbinol. If the entirely reasonable assumption that neither of 
these reactions invert, an assumption that has been directly 
verified with 5-butyl alcohol, is accepted, inversion is proved for 
the displacement reactions of the octyl toluenesulfonate with 
various carboxylate and alkyloxy ions.® In the case of two 
a-phenyl compounds CeHs— CHOH— and CeHsCHOH— 
CHa — COOH^^ the toluenesulfonates are too unstable to be 
isolated, but their reactions can be studied by treatment of the 
toluenesulfinate with hydrogen peroxide in the presence of the 
reagent the reaction of which with the sulfonate is to be investi- 
gated. Here also the displacement of toluenesulfonate ion by 
acetate, ethoxy, or butoxy ions is accompanied by inversion. 
There is, however, considerable racemization. 

These results furnish a large and convincing body of evidence 
for the conclusion that the displacement of toluenesulfonate 
ion by a carboxylate or alkyloxy ion is invariably accompanied by 
inversion of configuration and suggest strongly that any nucleo- 
philic displacement on carbon inverts. The only difficulty, 
the racemization observed with the phenyl derivatives, has been 
solved by more recent kinetic investigations, which are in fact 
indispensable for the verification of the more general conclusion. 

Racemization by Halide Ions. — ^Alkyl bromides are racemized 
by bromide ion and alkyl iodides by iodide ion at a rate that is 
proportional to the concentration of the halide ion.^® The reac- 
tion is, therefore, a second-order one of halide ion with alkyl 
halide and can hardly be anything else than an inverting dis- 
placement of bromide ion by bromide ion or of iodide ion by 
iodide ion. This converts dextro-bromide to levo, levo-bromide 
to dextro and reaches a state of equilibrium when racemization 
is complete. The result does not, however, prove that all dis- 
placements invert. The displacements with inversion might 
conceivably be accompanied by a much larger number of dis- 
placements with retention of configuration; the end result would 
still be complete racemization. 

10 Kenyon, Phillips, and Taylor, J*. Chem, Soc.y 173 (1933). 

11 Kenyon, PHiLLiPS,-.and Shtjtt, J, Chem. Soc.j 1663 (1935), 

IS Kenyon and Phillips, Trans. Faraday Soc.^ 26, 451 (1930), 

1* Holmbbro, J. prak£ Chem.f 88 , [2], 553 (1913). 



164 


PHYmCAL ORGANIC CHEMISTRY 


Various evidence for the hypothesis that the displacement 
necessarily inverts has been found. Thus the rate of racemiza- 
tion of 5-hexyl iodide by iodide ion is of the order of magnitude 
predicted oh the basis of this hypothesis from the rates of reac- 
tion of the hexyl fluoride, the hexyl chloride, and the hexyl 
bromide with iodide ion.^^ The change in rotation with time of 
a solution containing Z-chlorsuccinic acid and bromide ion can be 
accounted for only if it is supposed either that practically every 
displacement of chloride ion by bromide ion or of bromide ion by 
chloride ion inverts or, much less probably, that these reactions 
are accompanied by retention of configuration.^® 

The Application of Radioactive Indicators. — The complete 
demonstration of the invariable inversion in halide-ion displace- 
ments has come through the application of radioactive indica- 
tors.^® The recent discovery of artificial radioactivity has made 
it possible to obtain an iodide ion which is identical in all its 
chemical properties with ordinary iodide ion, yet which by virtue 
of its radioactivity can be differentiated from the nonradioactive 
substance and quantitatively determined. When a sample of 
ordinary 5-octyi iodide is dissolved in acetone containing radio- 
active iodide ion, the octyl iodide becomes radioactive at' a rate 
that may be determined by separating organic and inorganic 
iodides (by treatment with water and an im m iscible organic 
solvent) and determining their activity. 

The isotope exchange is a reversible process 

Ri + + I- (V) 

ki 

(the star designating the radioactive halogen) complicated by 
the decay of the short-lived radioactivity. If ki is the specific 
rate of the exchange and K that of the decay, the rate equations 
are 

- kr[Rl*] ( 1 ) 

Bbrgmann, Polanyi, and Szabo, Trans. Faraday Soc., 32, 843 (1936). 

^ Olson and Long, /. Am. Chem. Soc.y 66, 1294 (1934). 

Hughes, Juliusbtjrgbe, Masterm an, Toplbt, and Weiss, /. Chem. Soc., 
1525 (1935). Hugbcbs, Juliusburgbr, Scott, Toplet, and Weiss, ibid., 
1173 (1936). Cowdrey, Hughes, Nbvbll, and Wilson, iUd., 209 (1938). 
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= fti[RI*][I-] - fci[RI][I‘^] - kr[l*-] (2) 


If A represents the total concentration of alkyl iodide and B 
that of iodide ion, an experimentally determinable ratio y may 
be defined by 


^ [RP]M 

^ - [I*-]/R 


(3) 


From equations (1), (2), and (3) and the definitions of A and 5, 
it follows that 


l^ = B+iA-B)y-Ay^ (4) 


kit = 


A +B 


In 


1 + iA/B)y 

1 — 7 


(5) 


Values of ki may, therefore, be calculated from measurements of 
7 and t 

The racemization involves the reversible reaction 


dR\ + + I- (VI) 

ki 

and the rate equation 

- = fci[dRI][I-] - HTR1][1-] (6) 

The rotation is given by (page 103) 

a = m{[dRI] - [ZRI]} (7) 

from which 

^ = -2*x[I-]« (8) 

and 

In ao — In a = 2fci[I”]^ (9) 

If every displacement is accompanied by inversion, the ki 
derived from the exchange experiments will be identical with that 
from the racemization; if not the former value will be greater. 
The data of Table I leave, therefore, little room for doubt that a 
halide-halide ion displacement is always accompanied by 
inversion. 
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Nucleophilic Displacements: General Conclusions. — In view 
of such results as these, it is extremely probable not merely that 
all displacements of one ion by another invert the configuration of 
the carbon atom on which they occur, but that all nucleophilic 
displacements on carbon invert. The essential feature of the 
ionic reactions is not the fact that ions are involved, it is the 
presence of unshared electron pairs as shown in reaction (II). 
But the reactions of page 144 for the alkylation of amines or the 
decomposition of quaternary ammonium ions involve the same 
kind of nucleophilic displacement and must be expected to 
invert the configuration of the carbon atom on which the dis- 
placement occurs. 


Tj^SLE I. — COMPABISON OP IsOTOPE EXCHANGE AND RaCBMIZATION^® 
Values of 10*ki 



s-Octyl 

iodide 

o:-Phenyl- 

ethyl 

bromide 

«-Brompro- 

pionic 

acid 

Exchange 

13.6 ± 1.1 

8.72 ± 0.93 

5.15 ± 0.50 

Racemization 

13.1 ± 0.1 

7.96 ±0.13 

5.24 ± 0.C6 




An Alternative Reaction Path: Attack on Halogen: Solvolytic 
Reactions. — The second-order reaction of hydroxyl ion with an 
alkyl chloride involves an attack of hydroxyl ion on carbon; the 
same product, the alcohol, may be obtained by the attack of mer- 
curic ion on the chlorine of the alkyl chloride in the presence of 
water (page 138). A similar attack upon halogen appears to be 
involved in an important type of reaction that has been called 
solvolytic^'^ or characterized as a ‘^nucleophilic substitution of the 
first order. 

Thus cK-phenylethyl chloride is hydrolyzed to the alcohol at a 
rate that is independent of the concentration of hydroxyl ion,^® 
it is converted by ethyl alcohol to the ethyl ether at a rate inde- 
pendent of the concentration of ethoxyl ion^® and to phenylethy] 

(a) Steigman and Hammett, /, Am. Chem. Soc., 59, 2536 (1937). (5) 

Fabxnacoi and Hammett, ibid., 69, 2542 (1937); 60, 3097 (1938). 

^ Hughes, Inqold, and Patel, J. Chem. Soc.^ 526 (1933). Hughes and 
Ingold, iUd ., 244 (1935); Nature, 132, 933 (1933). 

Waed, J. Chem. Soe., 445, (1927). 
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acetate by glacial acetic acid at a rate independent of the con- 
centration of acetate ion.^^® Similarly, the rate of the reaction 

(C6H6)2CHN(CH3)3+ + OH- + N(CH3)3 (VII 

is independent of the concentration of hydroxyl ions.^^’^o qJI 
these cases the reaction rate is independent of the concentration 
of the group that enters into combination with carbon, and the 
reaction is of the jhrst order. The conversion of chloride to 
alcohol, for instance, cannot depend upon the direct displacement 
of chloride ion by hydi’oxyl ion because this would require pro- 
portionality between rate and hydroxyl-ion concentration, 
second-order instead of first-order kinetics. 

It is a most illuminating fact that the solvents which permit 
this kind of reaction are precisely those, viz,, water, alcohols, 
phenols, carboxylic acids, and sulfur dioxide, which strongly 
favor the ionization of triphenylmethyl chloride and do so 
primarily by solvating the halide ion (page 54). This leads to 
the concept of an incipient solvation of the halide ion in the 
transition state as the driving force of the solvolytic reaction — a 
hypothesis which is supported by the fact that the same metallic 
compounds that favor the ionization of the triphenylmethyl 
chloride by virtue of their aflinity for halide ion also accelerate 
the solvolytic reaction. Thus mercuric chloride and zinc 
chloride materially increase the rate of conversion of a-phenyl- 
ethyl chloride to its ethyl ether in alcohol solution.^! Chloride 
ion in the form of lithium chloride not only yields no acceleration, 
it suppresses that produced by the heavy metal halides by con- 
verting them to such complexes as HgCU". 

The Reaction-product Criterion. — The interpretation of the 
solvolyiiic reaction as an attack on halogen is further supported 
by the behavior of the system when more than one reaction 
product is formed: Benzhydryl chloride, (C6H5)2CHC1, is con- 
verted to benzhydryl ethyl ether in alcohol solution by a reaction 
the rate of which is the same in acid, neutral, and alkaline solu- 
tions and is, therefore, independent of the concentration of the 
ethylate ion,^^ Upon the addition of water, the rate increases 

20 Hughes and Ingold, J, Chem. Soc,, 69 (1933). 

21 Bodendobf and Bohme, Ann., 616, 1 (1935). 

22 Wahd, /. Chem. Soc., 2285 (1927). 
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linearly as shown in Fig. The effect is so large and 

occurs at concentrations of water so small that it cannot con- 
ceivably be attributed to a general 
solvent effect such as a change in 
the dielectric constant of the medi- 
um; indeed the effect produced by 
nitrobenzene, which likewise in- 
creases the dielectric constant, is 
in the opposite direction. 
Clearly, a first-order reaction of 
benzhydryl chloride with water is 
superimposed on the reaction with 
alcohol. Yet the reaction product 
remains to a preponderant extent 
benzhydryl ethyl ether rather than 
the benzhydrol which one might 
expect to result from the reaction 
of the chloride with water. Table 
II shows the proportions of benz- 
hydrol actually found in the reac- 
tion product together with those 
to be expected if the reaction of the chloride with water pro- 
duced the hydrol. The water furnishes a greater driving 
force than the alcohol, presumably by virtue of a greater tendency 
to solvate the chloride ion, but it is an ethoxyl ion derived from 
the alcohol which enters into combination with carbon. 

Table II. — The Composition of the Reaction Peoduct^’^ 


[HsO] 

Rate constant 
X105 

Mole percent benzhydrol 

Found 

Calculated 

0.0 

6.72 


0 


7.90 

1.8 

27.7 

1.320 

10.67 

11.8 

46.0 


In view of this evidence two otherwise possible mechanisms 
may be definitely excluded. The reaction cannot be a four-body 
reaction of the type of the Hs — 1 ^ reaction (page 136) in which 
** Nokeis and Morton, J. Am. Chem, Soc,, 50, 1796 (1928). 



Moles per Liter of H2O 

Fig. VI-3. — Variation of rate 
with water content in the solvolysis 
of benzhydryl chloride. O data 
of Norris and Morton; # data of 
Ward; data of Farinacci and 
Hammett. 
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the hydrogen of the alcohol enters into combination with the 
halogen at the same time that the ethoxyl becomes combined 
with the carbon of the benzhydryl chloride. Nor can it be a 
direct displacement of chloride ion by an alcohol or water molecule 

-H +['Ci'r (VIII) 
. 

yielding the conjugate acid of benzhydroL In either case the 
reaction of alkyl chloride with water must lead to hydrol not to 
its ethyl ether. Indeed the kinetics do not correspond to a 
second-order reaction of halide with water even when the halide 
reacts with small concentrations of water in an inert solvent. 
Table III cites the ^^second-order constants^’ h = t;/[RCl][H20] 
for the reaction of benzhydryl chloride with water in acetone. 
Far from being constant, these increase rapidly with increasing 
water concentration. This means that water is a specific 

Table III. — ^Hydbolysis op Bbnzhydeyl CHLoamB usr Acetone®* 


H 20 

Wk 

0.5556 

6.39 

1.1111 

11.5 

2.7778 

47.5 

5.5556 

177. 


catalyst for its own reaction with the chloride. More recent 
results®^ show that the alkyl chloride may also catalyze its own 
reaction. It seems probable, therefore, that the second-order 
reaction of benzhydryl chloride with water in alcohol solution 
is reaUy a reaction of higher order involving the solvent alcohol 
as well. It is for this reason that these reactions have been called 
polymolecular solvolyses,^^ 

The Structural Criterion for the Solvolytic Mechanism. — 
Further evidence against the nucleophilic displacement repre- 
sented by equation (VIII) appears in the effect of changing 
structure of the alkyl group. Such displacements, regardless of 
the charge of the displacing group, have always been found to 
show a rate that decreases in the order methyl, ethyl, i-propyl, 
Tatloe, J, Chem, Soo,, 1853 (1937); J. Am, Chem, Soc,, 60, 2094 (1938). 

» Tayloe, j, Chem. Soc., 478 (1939). 


H CeHfi H r H Ce 

I ^ ' II 

H-0>+ C H-O-C- 

' ' _ “I 

C,H5 Cl' L c, 
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t-butyl (page 162). On the contrary, reactions involving an 
electrophilic attack on halogen or oxygen (items 10 to 13 of 
Table II, Chap. V) show a rate which, with the possible exception 
of methyl, increases in this order. It is the latter kind of struc- 
tural effect that the solvolysis (item 14 of Table V, Chap. II) 
exhibits. Indeed the deviation of the methyl halide from the 
order set by the other halides may indicate that the displacement 
of equation (VIII) does occur to a significant extent with this 
alkyl, the one most favorable for it. 

More exactly, the hydrolysis of an alkyl halide follows an 
equation of the type 

V = X:i[RCl] -I- fc2[RCl][OH-] (10) 

The first term on the right gives the rate of the solvolytic reac- 
tion, the second that of the direct displacement of halide ion by 
hydroxyl ion. In the case of all primary and some secondary 
alkyl halides, both ki and h are measurable through determina- 
tions of the rate of reaction at various hydroxyl-ion concentra- 
tions. Because ki increases from primary to tertiary, while k 2 
decreases, the second term becomes unmeasurably small with 
tertiary and with some secondary alkyl halides, even at large 
hydroxyl-ion concentrations. This is the case with «-phenyl- 
ethyl chloride and t-butyl chloride the hydrolysis rates of which 
are not affected by the addition of alkali. 

The Effect of the Solvolytic Reaction on Configuration.— With 
the exception of halogen acids and substances containing more 
thfl-n one center of asymmetry, the solvolytic reaction of an 
optically active halide leads to a product with the same sign 
of rotation as that obtained by the alternative path of the 
nucleophilic displacement. The two processes differ, however, in 
the magnitude of the rotation, racemization being- negligible in 
the direct displacement, large in the solvolysis. Thus kinetic 
investigation has shown that 88 per cent of the hydrolysis 
that jS-n-octyl bromide undergoes in a N solution of sodium 
hydroxide in 60 per cent ethanol at 80° takes place by way of the 
second-order displacement of bromide ion by hydroxyl ion. 
Under these conditions the dextrorotatory bromide yields levo- 

** Hxjohjis and Shapiro, J. Chem, Soo.^ 1192 (1937); Htohrs, Ingold, 
and Mast-erman, ihid .^ 1196 (1037). 
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rotatory alcohol with no more than 10 per cent racemization, 
and this probably due to the action of bromide ion on unreacted 
bromide. In acid solution the reaction goes entirely by the first- 
order solvolytic course. Dextrorotatory bromide still yields 
levorotatory alcohol, but it is racemized to the extent of 65 per 
cent. Similarly,^’' the conversion of a-phenylethyl chloride to 
the ethyl ether is 93 per cent second order in strongly basic 
ethanol solutions and is accompanied by no measurable racemiza- 
tion; in acid solution it is purely first order, the sign of the rota- 
tion is the same as that of the product from the alkaline solution, 
but racemization amounts to at least 70 per cent. The conver- 
sion of Q:-phenylethyl chloride to phenylethyl acetate in 
glacial acetic acid is first order, unaffected by the addition of 
sodium acetate. Chloride with a rotation of +8.50 3 rields 
acetate with one of —1,1. The reaction of the chloride with 
tetraethylammonium acetate (i.e., acetate ion) in acetone is 
second order, hence a direct displacement. Chloride with a 
rotation of +6.0 yields acetate with the value —4.7. 

The reaction of s-octyl bromide or of a-phenylethyl chloride 
with silver ion yields an alcohol of the same sign of rotation as 
that produced by the other reactions but less extensively race- 
noized than in the solvolytic reaction.^® 

The Mechanism of the Solvolytic Reaction. — ^The hypothesis 
of a carbonium-ion intermediate in the solvolytic reaction^^. 23.290 
is a reasonable and attractive one. If the rate-determining 
step is the formation of the ion, whereas the composition of the 
product depends upon its further reaction, such results as those 
of Table II are immediately accounted for. The hypothesis has 
some difliculties to meet, the most important being the fact that 
the product of the solvolysis is not completely racemized. The 
normal configuration of a carbonium ion is probably planar, 
hence symmetrical (page 66), and products formed from 
the ion would be expected to be racemic mixtures. If the ion 
retained the original configuration of the remaining groups 

27 Hughes, Ingold, and Scott, J, Chem. Soc., 1201 ( 1937 ). 

28 Hughes, Ingold, and Mastbeman, J. Chem, Soc., 1236 ( 1937 ). 

29 (a) Glbave, Hughes, and Ingold, J. Chem, Soc,, 236 ( 1 ^ 5 ). (6) 

Ogg and Polanti, Trans. Faraday' Soc., 31, 604 ( 1935 ). Hughes, ibid., 
34, 209 ( 1933 ). Ingold, iUd., 34, 222 ( 1938 ). 
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momentarily after the separation of the halide ion, retention 
rather than inversion of configuration in the product would be 
expected. The inversion can, however, be accounted for by 
supposing^®** that the reaction of carbonium ion and solvent 
molecule occurs after the ionization has taken place but while the 
two ions are still so close together that the halide ion shields the 
carbonium ion against attack on the side from which the halide 
has separated. The racemized product is then attributed to 
those cases in which reaction occurs after the separation of the 
ions. This picture can be given greater precision by emphasizing 
the distinction between ionization and dissociation, between 
the solvation of the halide ion, with the accompanying electronic 
redistribution and probable shift in the relative positions of the 
nuclei, which converts the homopolar alkyl halide to an ion pair, 
and the subsequent separation of the ion pair. 

This picture shades imperceptibly in theory and is experi- 
mentally indistinguishable from one in which the solvent molecule 
combines with the carbonium ion at the same time that the 
halogen lets go. Such a reaction would be termolecular or of 
higher order in principle, first order in practice because of the 
necessary constancy of the concentration of solvent molecules. 
It is convenient to refer to these reactions as involving a car- 
bonium-ion intermediate, but this must not be interpreted to 
mean that it is a completely free intermediate or even that the 
recombination of the ion is not simultaneous with its formation. 
The essence of the distinction between the nucleophilic displace- 
ment and the solvolytic reaction, the basis of the profound 
difference in the way in which the two types of reaction respond 
to changes in structure (page 170), must be the difference in the 
nature of the attack on the alkyl halide and in the driving force 
involved. In the nucleophilic displacement the attack is on 
carbon, the driving force is the afl^ity of a nucleophilic reagent 
for carbon; in the solvolysis the attack is on halogen, the driving 
force is the a ffini ty of solvent molecules for halide ion. 

There is another difficulty. In the two cases in which a free 
carbonium ion is most clearly indicated by kinetic evidence, viz,, 
the addition of bromine to olefins (page 148) and the benzyl 
chloride-mercuric ion reaction (page 138), it reacts approxi- 
mately as rapidly with nitrate, bromide, and chloride ions as 
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•with water or methyl alcohol. In the free carbonium-ion 
mechanism of the sol'vol3rsis the reaction of carbonium ion ■with 
halide ion •vyould reverse the first step 

RCI ^ R+ + Cl- (IX) 

k^i 

R+ 4- H 2 O ^ ROH -h H+ (X) 

and the over-all specific rate k would become dependent upon the 
chloride-ion concentration in the form 


k = 


kik2 

kz -j- /b_i[Cl~"] 


( 11 ) 


The fact that such a dependence is not observed argues against 
the free carbonium-ion mechanism.^^® 

Solvolytic reactions are not confined to alkyl halides. The 
hydrolysis of ethyl benzene sulfonate and various of its nuclear 
derivatives in 30 per cent ethanol exhibits a rate that, except in 
strongly alkaline solution, is independent of the concentration 
of hydroxyl ion.®^ 

First-order Racemizations. — Certain racemizations take place 
by a process that closely resembles the solvolytic reaction. 
Thus a-phenylethyl chloride racemizes rapidly®^ in sulfur dioxide, 
a solvent that favors the ionization of halides. The rate is 
unaffected by the addition of chloride ion (tetraethylammonium 
chloride) ; hence the process is neither an inverting displacement 
of chloride ion by chloride ion, nor a reversible ionization followed 
by a rate-determining racemization of the ion. In the first case, 
chloride ion should accelerate the racemization, in the second it 
should retard by decreasing the extent of the ionization. The 
most probable alternative, a rate-determining ionization, is 
confirmed by the demonstration®^ that the rate of introduction 
of radioactive iodide ion into i-butyl iodide in sulfur dioxide is 
independent of the concentration of iodide ion, again indicating 
a rate-determining and measurably slow ionization. 

30 Rev. trav. chim., 60, 60 (1931). 

3^ Bbrgmank and Polanti, NcUurmssenschaften, 21, 378 (1933). Szabo, 
Dis., Berlin, 1933. 

32 Tuck, Tram. Faraday Soc., 34, 222 (1938). 
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A variety of metal chlorides (HgCU, ZnCU, SnCU, BCI3, 
TiCU, SbCU), the affinity of which for halide ion is demonstrated 
by the complex chloride ions that they form, racemize a-phenyl- 
ethyl chloride .21 Lithium chloride, La., chloride ion, produces 
relatively little racemization under the same conditions. The 
racemization does not depend upon the reversible formation of 
styrene 

CeHfi - CH2 - CH2 - Cl ^ CeHs - CH = CH2 + HCI (XI) 

because the rate of addition of HCI to styrene under the condi- 
tions of the experiment is too small. The rate of racemization 
depends markedly on the solvent as well as on the halide. 

There can be no doubt that these racemizations depend upon 
an attack on the halide ion and involve intermediates of the same 
sort as those which occur in the solvolytic reaction. Like the 
solvolyiic reactions, the racemization by complex-forming 
halides exhibits rates that vary as a higher power (1.3 to 14) of 
the concentration of the metallic halide and are, therefore, 
polymolecular. 

The Effect of the Solvent. — ^An important light is thrown on 
the nature of the effect of differing solvents by recent experi- 
ments^^ on the solvolysis of ^-butyl chloride. A very approxi- 
mate estimate of the activity coefficient of the butyl chloride as a 
function of the solvent composition was obtained by the following 
method. The increase in total vapor pressure produced by the 
addition of butyl chloride to the solvent was measured and 
assumed to be equal to the partial pressure of the butyl chloride. 
Because the addition of the solute decreases the vapor pressure of 
the solvent, this assumption introduces an error of unpredictable 
magnitude into the resulting value of the activity coefficient. 
If, however, the error is neglected, the data on the solvolysis in 
alcohol-water mixtures are found to fit the equation 

in which k is the first-order rate constant in terms of mole frac- 
tions, Nb is the mole fraction of butyl chloride, /b = UB/iV^B, the 

»» B5hmb, Ber,, 71B, 2372 (1938). 

8* Olson and BUlfoed, /. Am, Ckem. Soc,, 69, 2644 (1937). 
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a^s are activities, the ^;’s are disposable parameters, and the 
subscripts w and a refer to water and alcohol, respectively. It 
is slightly more consistent with the equation^® 

h = + KNa)h (13) 

and vdth various equations involving squares or higher powers of 
concentration or activity of water and alcohoP®*^® such as 

h - + haaN^:)h (14) 

Equations of the latter type are also consistent with the data®^ 
on the composition of the reaction product, which the linear 
forms are not. 

The wide variety of applicable equations arises from the fact 
that the factor /b has by all odds the most potent effect upon 
the variation of A, the variations of both being sevgral hundred- 
fold. No conclusions about the mechanism with relation to the 
solvent molecules are, therefore, justified; in spite of the uncer- 
tainty in the values of /b it seems, however, probable that the 
substitution of water for alcohol affects the reaction rate chiefly 
by increasing the activity of the halide. Those forces which 
favor the solution of the halide in alcohol as compared with water 
and decrease its activity in the former solvent are, . therefore, 
unfavorable to its reaction. 

In view of the Br0nsted rate equation (page 127) these equa- 
tions impose very definite linodtations upon the possible variations 
of the activity coeiEcients of the transition states in the reactions 
with water and with alcohol.^® This perhaps points the way 
toward the application of the Br0nsted equation to gross changes 
in solvent composition as well as to salt effects. 

The Case of the Halogen Acids. — The veil of confusion that 
long covered the Walden inversion phenomena in the reactions 
of halogen acids has now been lifted by kinetic investigations.^ 
For instance, a solution of a-brompropionic acid in methanol 
is found to react by two kinetically distinguishable paths, one a 

Baetlett, J. Am, Chem, Soc.j 61, 1630 (1939). 

s® WiNSTEDST, J, Am. Chem. Soc.j 6J, 1635 (1939). 

^^BATEiktAN, Hughes, and Ingolb, J. Chem. Soc., 881 (1938); J. Am. 
Chem. Soc., 60, 3C80 (1938). 

^ CowDEBY, Hughes, and Ingold, J. Chem. Soc.^ 1208 (] 937). 
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first-order reaction of brompropionate ion or, less probably, a 
second-order one of brompropionic acid with methoxyl ion, the 
other a second-order reaction of brompropionate ion with 
methoxyl ion. The relative values of the rate constants are 
such that the second-order reaction strongly predominates in 
sodium methylate solutions of concentrations from 0.5 to 1m, 
and the first-order reaction in the region from 0.03 to 0.06m. 
In the presence of 1m base the ion of d-brompropionic acid yields 
Z-methoxypropionic acid; in the presence of 0.077m base it yields 
the d-methoxy acid. This single experiment explains the 
classical difiSculty that a “small” change in concentration of 
reagent or in other conditions of the reaction leads to a change in 
sign of rotation of the reaction product. The supposedly small 
change involves, in fact, a complete overturn in the reaction 
mechanism. ^ 

In the methyl ester of the brompropionic acid both first- and 
second-order reactions are detectable but yield products of 
the same sign of rotation. These reactions are obviously the 
solvolysis and the nucleophilic displacement and must invert the 
configuration. Since the brom- and methoxy-esters may be 
obtained from the corresponding acids or converted to them by 
reactions that do not involve the asymmetric carbon, the knowl- 
edge thus obtained of the configurations of the two esters permits 
the proof that the second-order reaction of the ion inverts, 
but that the first-order reaction does not. Except for that due 
to side reactions, there appears to be no racemization in either 
of the reactions of the ion. 

In aqueous solutions of brompropionic acid a second-order 
reaction with hydroxyl ion and a first-order reaction of brom- 
propionate ion are observed. The lactic acid formed by the 
second-order reaction is inverted, that formed by the first-order 
reaction is not. In addition, there is a first-order reaction of 
brompropionic acid, which plays an important role in the reaction 
in sulfuric acid solutions and which inverts the configuration. 
The reaction of brompropionate ion with silver ion yields lactic 
acid with retention of configuration.®® 

The simplest interpretation^’®® of these results is the hypothesis 
that the rate-determining step in the first-order reaction of 
CowDBBT, Hughes, and Ingolh, J- Chem, Soc., 1243 (1938). 
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brompropionate ion or in the reaction with silver ion is the forma- 
tion of an a-lactone, e.g., 


H 

CHs- C C = 5 ' 

I I 

I Br» ' 0» 


H 

I 

CHs-C +['Br']- (XII) 

I \ - 

‘O- C= 0‘ 


Whether this involves an internal nucleophilic displacement as 
indicated or an attack by silver ion or solvent molecule on halo- 
gen, the configuration of the a-carbon must be inverted. In 
order that the configuration return to that of the original brom- 
propionate ion, the subsequent hydrolysis of the lactone must 
likewise invert. 

The latter condition seemed a difiSculty in view of the evidence 
that the hydrolysis of esters has a mechanism that cannot allow 
inversion of configuration (page 354). An a-lactone is, however, 
an ester m which ring formation implies strain, and even in the 
case of the relatively stable and isolable jS-lactones hydrolysis 
may have a mechanism that permits inversion. The kinetic 
study of i3-butyrolactone reveals the presence of a reaction with 
hydroxyl ion, of one catalyzed by oxonium ion, and of a third 
reaction, the rate of which is independent of acidity and which 
predominates in solutions in the neutral range. Every molecule 
of d-lactone that reacts with hydroxyl ion or with oxonium ion 
is converted to Z-hydroxybutyric acid; every molecule that reacts 
in the third reaction is converted to d-hydroxy acid. The prod- 
uct is, therefore, predominantly levorotatory in strongly alkaline 
or strongly acid solutions, predominantly dextrorotatory at 
pH’s from 1 to 9, and the magnitude of the rotation may be 
quantitatively predicted from the pH of the solution and the rate 
constants of the three reactions. There can be no doubt, there- 
fore, that the hydrolysis of a lactone may invert, and it is probable 
that it is the reaction in neutral solution that does so by way of a 
sort of internal solvolytic reaction which ruptures the link 
between oxygen and asymmetric carbon and allows a water 
molecule to drop into the opposite side of the latter. 

The impossibility of isolating a-lactones is not an argument 
against their appearance as unstable intermediates. Indeed a 

*0 Olson and Millbk, J, Am. Chem. Soc., 60, 2687 (1938). 
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considerable body of evidence is accumulating for the formation 
of such three-ring systems. Aside from the addition of bromine 
to olefins (page 147), the following data are pertinent. The sub- 
stance (A) undergoes a kinetically second-order reaction with 


H 

CeHs- c - c - CeHfi 

II 1 

O Cl 

(A) 


CcHs 


OC2H5 H 

I I 

C C- CeHg 

OC2H5 OH 

(B) 


H 


I 

CeHg - c- c- CeHg 

II I 

O OH 

(C) 


ethylate ion in ethanol solution and yields the hydroxyacetal (B) 
under conditions that do not lead to the conversion of the 
hydroxyketone (C) to the acetal.^^ The only reasonable inter- 


CeHg 


»0' H 

I I 

- C C — CeHg 

I I 


* OC2Hg • Cl ‘ 

(D) 


O 

/ - \ 


CeHg - C- 


-C- CeHg 


‘OCaHg H 

“ iR) 


mediates are the ion (D) formed by a typical ketone reaction 
(page 329) and the oxide (E) formed by internal nucleophilic 
displacement from (D). 

3-Brom-2-butanol is converted by HBr to dibrombutane with, 
very probably, retention of configuration.^^ This can be 
accounted for in terms of the addition of a proton to oxygen 
forming (F), an internal nucleophilic displacement with inversion 
leading to (6), and a displacement (with a second inversion) of 
the ring bromine by bromide ion leading to the dibrombutane (H) 


H 

+ 

CHs ■ 

CH3- C- Br' 


C- H 

H- 6- C- CH3 


CHa- C- Br» 

H H 


H 

(F) 



H 

CHg- C- Br» 

^ I 

»Br- C- CHg 

" I , 

H 


Molecules with Plural Asymmetry Centers. — If a halide of the 
structure (J) is converted into the carbonium ion (J) and then 
into the alcohol, two different substances having opposite con- 


Ward, J. Chem. Soc,y 1541 (1929). 

« WiNSTEiN and Lxtcas, J. Am. Chem. 80c., 61, 1576 (1939). 
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figurations of the right-hand carbon may be formed. Because of 
the asymmetry of the other carbon these are different substances, 
not merely enantiomorphic substances differing only in sign of 
rotation. Consequently, the rate constants for their formation 
from (/) will be different, and they will not appear in equal 
amounts. The dissymmetry of the left-hand carbon induces a 
dissymmetry of the electron system of the right-hand carbon, 


Ri R4 

I i 

Ra- C- C- Cl 

I I 

Ra Rs 
(/) 


Ri R4 
Ra-C-C 

t I 

Ra Rs j 

iJ) 


Ri R4 

I I 

Ra- C“ C- OH 

I I 

Ra Rs 
iK) 


favors certain orientations of the groups attached to one carbon 
with respect to those attached to the other, and hinders or aids 
the access of oxygen in the one or the other configuration, i.e., 
leads to an asymmetric synthesis on the carbonium carbon. If 
the configuration of (I) is represented by the symbol ddy that of 
the ion by d, and that of the two alcohols by dd and dl and if the 
rate constants for the formation of the two alcohols from the ion 
are kdd and kdi, then the initial composition of the reaction product 
from a completely free carbonium ion would be 

f-t 

[dd] kdd ^ ^ 


But it is known from the study of reactions in which only one 
center of asymmetry is present that the carbonium ion is never 
completely free; the reaction product contains both d and I 
products, with the one formed by inversion of configuration 
predominating. Consequently, in the case of two centers the 
comjmsition of the reaction product must be given by the 
inequality 


[dl\dd ^ kdl 
[dd]dd kdd 


(16) 


instead of by equation (15). If the original chloride has the 
configuration dZ, the carbonium ion is stiU d, but a predominance 
of inversion in the reaction leads to 


\dl\di ^ kdl 
[dd\di kdd 


( 17 ) 
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It is no longer possible to predict that the reaction product will 
contain a fraction greater than one-half of the product formed 
with inversion, but only that, when two substances of dd and dl 
configurations react in the same way to form mixtures of isomeric 
products, the initial product produced from the dd reactant will 
contain a larger proportion of material of the dl configuration than 
will that from the dl reactant 

Even in the limiting case, corresponding to complete racemiza- 
tion in the one center problem, in which the inequalities (16) 
and (17) reduce to equation (15), the composition of the product 
need not correspond to a preponderance of the more stable 
product. The relative stability is measured by the equilibrium 
constant K for the conversion of one alcohol into the other 

K = at equilibrium (18) 

Like any other thermodynamic quantity it is independent of 
mechanism; hence it has the same value if the conversion of one 
alcohol to the other goes by way of the carbonium ion 

h^d kdt 

dd:;± ion ^dl (XIII) 

kdd k-4l 


The constant K must equal the product of the equilibrium con- 
stants of the two steps of reaction (XIII), and by the usual rela- 
tion between equilibrium and rate constants of a reversible 
reaction 


K = 


hdih^d 
k ddh—dZ 


(19) 


The equilibrium mixture of the isomeric alcohols contains them, 
not in the ratio kdi/kdd of their rates of formation from the ion, 
but in a proportion that involves also the rates of the formation 
of the ion from the two alcohols. 

No data are available for a verification of these conclusions on 
the hydrolysis of an alkyl halide, but an extensive investigation^^ 
of the conversion of amines to alcohols by the action of nitrous 
acid is pertinent because of the probability that this reaction 

HtJcKBL, Ann,, 533, 1 (1938). 
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goes by way of a carbonium-ion intermediate (page 295). The 
results are in fact consistent with the not very strenuous demands 
of the relations (16) and (17) and show, in some instances, a 
preponderance of an unstable isomer in the reaction product. 

The Prediction of Configuration. — ^Enough cases have now 
been examined without contradiction to lend very considerable 
validity to the following principle. Every displacement on an 
asymmetric carbon atom the rate of which is proportional to the 
concentration of the nucleophilic displacing ion or molecule involves 
an inversion of the configuration of the asymmetric atom. In terms 
of this principle the two problems of page 158 reduce to a single 
one in reaction kinetics: to recognize the relative configurations of 
reactants and products and to direct the course of reaction 
toward products of known configuration, one must learn the 
conditions that allow the kinetically second-order displacements 
the result of which alone is completely predictable. A kinetically 
first-order reaction the rate of which is independent of the con- 
centration of the group that enters into combination with the 
asymmetric carbon in the final product is a direct invitation to 
uncertainty, especially if plural asymmetry centers or the possi- 
bility of cyclic intermediates are present. The fact that the 
hydrolysis of sugar toluenesuKonates is sometimes accompanied 
by inversion, sometimes by retention of configuration need, 
therefore, occasion no surprise.'^^ The hydrolysis of alkyl 
toluenesulfonates is likely to be first order (page 173), and both 
plural asymmetry centers and the possibility of cyclization are 
present. 

Much remains to be done in the prediction of configurational 
changes accompanying common reactions. Such familiar reac- 
tions as those which are used for the conversion of an alcohol 
to the corresponding chloride or bromide are, for instance, 
practically untouched from the point of view of kinetics and 
mechanism. On the other hand, certain possibilities are clearly 
apparent. One can expect to convert a dextrorotatory alcohol 
into its levorotatory isomer by the Kenyon and Phillips cycle of 
page 161 in high yield and with negligible racemization: there is 
every reason to hope that similar prescriptions for the preparation 
of products of known configuration in high optical purity will 
Peat and Wiggins, J. Chem. Soc., 1088 (1938). 
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appear wdth further study in the light of principles that are now 
well established. 

On Successive Displacements : A Catalytic Mechanism. — The 
toluenesulfonate of the levorotatory alcohol CeHs — CHOH — CHs 
reacts with ethyl alcohol in the presence of potassium carbonate 
to give the dextrorotatory ethyl ether (a = +4.50). The 
method of page 162 shows that the reaction is accompanied by 
inversion. But when the reaction is carried out in the presence 
of a large concentration of lithium chloride, the ethyl ether is 
formed with retention of configuration {a = —2.0).^° A similar 
result has been obtained with the carbinol CeHs — CHOH — 
CH 2 — COgCsHs.^^ 

A reasonable interpretation^°»^^ of these results derives from 
the hypothesis that chloride ion reacts with the alkyl toluenesul- 
fonate more rapidly than does alcohol and that this displacement 
and the subsequent alcoholysis of the alkyl chloride both invert. 
The two inversions lead to the original configuration. The 
correctness of this interpretation is a matter for kinetic investiga- 
tion; its possibility is demonstrated by the behavior of the 
hydrolysis of methyl bromide in the presence of iodide ions.^® 
The reactions 

CH3Br + I-->CH3l + Br- 

and 

CHsl + H 2 O CHsOH + I- + H+ 

are so fast compared with 

CHsBr + H 2 O CHgOH + Br- + H+ (XVI ) 

that a large proportion of the hydrolysis of the bromide may be 
diverted to the path of equations (XIV) and (XV) by small con- 
centrations of iodide ion, and this makes iodide ion an active 
catalyst for the hydrolysis of the bromide. 

Systems of this sort are models in terms of which the require- 
ments for a homogeneous catalysis may be envisaged. Methyl 
bromide reacts more rapidly with iodide ion than with water, 
yet the complete solvolysis of the iodide proves that the former 
process is accompanied by a smaller decrease in free energy than 
the latter. This represents a glaring deviation from parallelism 

^ Moblwyn-Hitghbs, Froc, Roy. Soc. (London), A164:, 295 (1938); 
J. Chem, Soc.j 779 (1938). 


(XIV) 

(XV) 
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between rate and equilibrium (page 136). Such a deviation is in 
fact necessary for a catalytic mechanism involving a carrier like 
the iodide ion of this case. It is, consequently, a problem of the 
first importance to discover the cause of these deviations, to 
learn why, for instance, methyl iodide, which may be produced 
by the displacement of bromide ion from methyl bromide, is 
more reactive than the latter toward reagents that displace iodide 
or bromide ions. 

Another catalytic mechanism is suggested by the elSFect- of 
water upon the reaction of benzhydryl chloride with alcohol 
(page 167). Here the effect of water is not the formation of 
definite intermediates, but rather the exertion of a profound 
influence upon the distribution between reactants and transition 
state. 

It is upon the basis of one or the other of these processes that 
all the multitudinous catalytic phenomena of organic chemistry 
must be explained. These include acid and basic catalysis of 
condensation and hydrolytic reaction, the effect of alkali or of 
pyridine in the Schotten-Baumam reaction, and, most important, 
the startling and specific catalytic effects produced by enzymes. 
If enzyme ' chemistry is to advance beyond the stage of the 
empirical isolation of naturally occurring enzymes and the study 
of their behavior or of likewise empirical attempts to synthesize 
organic catalysts,^® it must be by way of an understanding of 
these fundamental kinetic problems. 

Langbnbbck, '^Die Organischen Katalysatoren und ihie Beziehungen 
zu den Fennenten,” Berlin, 1935. 



CHAPTER VII 

THE EFFECT OF STRUCTURE ON REACTIVITY 


Quantitative Relationships between Systems of Reactions. — 
It is one of the fundamental and most familiar assumptions of the 
science of organic chemistry that like substances react similarly 
and that similar changes in structure produce similar changes 
in reactivity. Yet the application of the piinciple requires so 
great an exercise of judgment, offers so wide an opportunity 
for the wisdom that comes only with experience and for the 
genius that seems almost intuition that there is some justice in 
the compliment or gibe, whichever it be, that this is an art not a 
science. 

These complications arise, at least in part, from the presence of 
both kinetic- and potential-energy terms in the equations that 
determine equilibrium and rate of reaction (pages 77, 118). 
This is clearly shown by the simplification that results when 
attention is restricted to those cases in which rate and equilibrium 
are determined by potential energies alone, viz.j in the side-chain 
reactions of meta and para substituted benzene derivatives and 
in the reaction of substitution in the benzene ring. In these 
cases a simple and quantitative relationship appears when two 
series of rate or equilibrium constants are compared that differ 
with respect to the nature of the reacting group, the change which 
it undergoes during the reaction, or in the sense that the rate and 
the equilibrium constants of a single series of reactions are com- 
pared. The members of each series are identical in these respects 
but differ in the sense of a series of substitutions in the meta or 
para position relative to the reacting group. One series consists, 
for instance, of the ionization constants of meta and para sub- 
stituted benzoic acids, another of the rate constants for the 
hydrolysis of similarly substituted benzoic esters. When, as 
in Fig. 1, the logarithms of the constants of one series are plotted 
against the logarithms of the constants of the other, the open 

184 
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circles, which represent the meta and para derivatives of benzoic 
acid and benzoic ester, lie closely on a straight line. Each point 
in the figure is obtained by plotting as abscissa the logarithm of 
the ionization constant of benzoic acid or one of its derivatives 
and as ordinate the logarithm of the rate constant for the hydroly- 
sis of the similarly substituted ethyl benzoate. For instance, 



0 Aliphatic denVs. 

Fig. VII-1. — Comparison of hydrolysis rates of esters with ioni^tion constants 

of acids. 

the first open circle on the lower left is plotted from data on the 
ionization constant of p-methoxybenzoic acid and on the rate 
constant for the hydrolysis of ethyl 2>*methoxybenzoate. Each 
point is due to and represents in this way a particular substitu- 
tion. The straight line, which has been drawn to produce the 
best fit to the points (according to the least-squares principle it is 
the one for which the sum of the squares of the deviations of the 
points from the line is a minimum), obeys an equation of the 
form 


log h - p log Ki + A 


( 1 ) 
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in which is the rate constant of the hydrolysis, Ki the ionization 
constant, p the slope, and A the intercept. 

Reaction Constants and Substituent Constants. — Similar linear 
relationships of greater or less precision are found to apply to the 
rate and the equilibrium constants of practically all side-chain 
reactions of benzene derivatives.^ It is almost obvious and 
easily demonstrated that two series of constants that are both 
linearly related in this way to a third are related in the same way 
to each other, the slope of the last relationship being the ratio of 
the slopes of the first two. Consequently, it is possible to relate 
the various series to one standard of reference, for which the 
ionization constants of substituted benzoic acids are especially 
suitable because of the many accurate values now available.^ 
Equation (1) may be simplified by conversion to the form 

log h = p(log Ki - log J:?) + (A + p log J^) (2) 

in which h is any rate or equilibrium constant and if® is the 
ionization constant of unsubstituted benzoic acid. The quan- 
tity (A + p log KHi) is necessarily equal to log A® where is the 
rate or equilibrium constant for unsubstituted reactant; sub- 
stitution of the definition 

<r ^logiT^-logi^ (3) 

converts equation (2) to the form 

log A; — log fc® — per (4) 

The mhstituer\t constant o’ is by definition determined by the 
nature of the substituent and independent of the reaction the 
constant k of which is involved in equation (4). The reaction 
constant p is by the nature of the linear relationship a constant for 
all substituents and depends only on the reaction series. 

^ (a) Hammett, Chem. Rev,, 17, 125 (1935). (6) Burkhardt, Nature, 

136, 684 (1935). (c Btjrkhardt, Ford, and Singleton, /. Chem. Soc., 
17, (1936). (d) Btjrkhardt, Evans, and Warhurst, ihid., 25 (1936). (e) 

Hammett, J. Am. Chem, Soc., 69, 96 (1937). (/) Hammett, Trane. Faraday 
Soc., 34, 156 (1938). 

® (a) Dippy and Williams, J. Chem. Soc,, 1888 (1934). (5) Dippy, 

Williams, and Lewis, ibid,, 343 (1935). (c) Dippy and Lewus, ibid., 644 
(1936). (d) Baker, Dippy, and Page, iUd., 1774 (1937). (e) Dippy and 
Page, ibid,, 367 (1938). 
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For all substituents for which an accurate value of the ioniza- 
tion constant of the correspondingly substituted benzoic acid 
is available, the value of o- is immediately given by the deifinition 

(3). For any reaction series for j ^ - 

which data on a reasonable num- ? 

ber of meta and para substituted / 

derivatives are available, the value +4.0 "■ 3/ 

of the reaction constant p is / 

obtained by plotting log k against j 

O', as is done in Fig. 2 for a number ^ j 

of reactions. The slope of the j ? 

best straight line through the 4 

points, determined preferably by ~ f t ” 

the method of least squares, is the 7 / 

value of p. If data for this reac- ^ 

tion series are available for sub- ^ 

stituents for which a is not known / / / 

from ionization constants, these ^ 20 - • % 

values may be obtained by sub- / /® ^ / 

stitution of the corresponding val- 6 F y 

ues of ft in equation (4). J J / 

In this way it has been possible^* / / 

to set up a table of values of cr 7/8 

(Table I) and another of values of + i^O - © / ~ 

p (Table II). Table I contains 

in addition a notation (the number y ^ 

of the reaction series from Table 

II) of the source of the a value, the 

number of reactions n for which ^ 

data for each substituent are avail- ^ 

able, and the probable error or a j 

median deviation r of the value , vn-2.-Reiationship .be., 
. rni tween log h and <r for varrous 

of O' for these reactions. Table reactions (see Table II). The 
II describes the reaction briefly positi^of the scale of ordmates k 

and gives the values of p and of 

log the number of substituents n for which data are avail- 
able, and the probable error r. The last is the median devia- 
tion of the points from the best straight lines of the plots 
and is a measure of the probable precision of the prediction of 


i i 

iJ 

/ 


Fig. VII-2. — Relationship .be., 
tween log h and <r for various 
reactions (see Table II). The 
position of the scale of ordinates is 
arbitrary. 




188 


PHYSICAL ORGANIC CHEMISTRY 


Table I. — Substitlhbnt Constants 


Substituent 

<r 


B 

■ 

2)-NHt 

-0.660 

2 

5 

0.083 


-0.268 

1 

47 

0.063 

p-CaHiO 

-0.25 

3 

6 

0.105 

3.4-di-CH, 

-0.229 

4 

1 


to-(CH,)*N 

-0.211 

31 

1 


p-(CH,)iN 

-0.205 

21« 

1 


p^-C4Ht 

-0.197 

1 

2 

0.13 

P-CHj 

-0.170 

1 

48 

0.080 


-0.161 

2 

4 

0.066 


-0 159 

2 

3 

0.017 


-0.151 

1 

2 

0.03 

27-t-C«H7 

-0.151 

1 

2 

0.09 


—0.069 

1 

32 

0.045 

p-CHjCHsCOaH 

-0.066 

33 

1 



-0.047 

2 

1 



-0.027 

33 

1 



0.000 

1 

55 

0.043 


4-0.009 

2 

3 

0.22 

p-F 

4-0.062 

1 

10 

0.065 

in-CHaO 

-i-0.115 

1 

9 

0.102 

*»-CH«*CH--COaH 

+0.141 

33 

1 


9n>CsHsO 

+0.15 

3 

2 

0.093 



+0.17 

3 

9 

0.102 

m-Cs£[i 

+0.218 

33 

1 


p-a 

+0.227 

1 

40 

0.054 

p-Br. 

+0.232 

1 

30 

0.043 


+0.276 

2 

15 

0.067 

m-CHaCO 

+0.306 

33 

1 



+0.337 

1 

9 

0.085 


+0.352 

1 

12 

0.056 


+0.355 

33 

2 

0.009 

jn-CI 

+0.373 

1 

26 

0.053 

m-CHO 

+0.381 

33 

1 


<n-Br. 

+0.391 

1 

21 

0.051 

p-CH-CH— COsH 

+0.619* 

33 

1 

p-CaHs— N-=N 

+0.640 

30, 31 

1 


ot-CN 

+0.678 

30, 31 

1 


w-NO* 

+0.710 

1 

34 

0.071 

p-COtH 

+0.728* 

33 

2 

0.038 

p-NOs" 

+0.778* 

1 

29 

0.077 

p-CHaCO 

+0.874* 

33 

1 


p-CN 

+1.000* 

4 

4 

0.042 

p*'0iS[0 

+1 . 126* 

33 

1 

p-NOa<* 

+1.27-* 

3 

8 

0.052 



« A statistical factor of 2 was used in calculating the value of <r. 

^Naphthalene derivatives. 

« To be used for the reactions of all benzene derivatives except those of aniline and phenol. 
<< To be used for the reactions of derivatives of aniline and phenol. 

• Tested only on-phenol derivatives, probably valid only for these and for aniline deriva- 
tives. 
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Table II. — Reaction Constants 
(E =* equilibrium, R = rate) 


Reaction 

log*' 

P 

r 

n 

1. E. Ionization of benzoic acids, water, 25°®. . 

-4.203 

+1.000 


14 

2. R. Alkaline hydrolysis of ethyl benzoates, 
87.83% ethanol, 30°* 

-3.072 

+2.498 

0.067 

12 

3. E. Acidity constants of anilinium ions, 
water, 25®^ 

-4.569 

+2.730 

0.060 

14 

4. E. Ionization of phenols, water, 25°® 

-9.941 

+2.008 

0.047 

5 

5. R. Alkaline hydrolysis of ethyl einnamates, 
87.83% ethanol, 30°»'‘* 

-2.700 

+1.329 

0.031 

16 

6. R. Esterification (n HCl) of benzoic acids, 
ethanol, 25“® 

-3,755 

-0.467 

0.038 

9 

7. R. Bromination of acetophenones, HCz- 
HsOrHaO-HCl, 25°7 

-4.375 

-0.550 

0.046 

14 

8. R. Same, HC2H302“E[20~NaC2B[s02, 25*^. . 

-5.524 

+0.417 

0.060 

10 

9. E. Ionization of 5-subst.-2-furoic acids, 
water, 25°® (5 ~ p) 

-3.180 

+1.394 

0.064 

6 

10. R. Alkaline hydrolysis of benzaroides, 
water, 100®^® 

-2.787 

+1.055 

0.036 

13 

11. R. Acid hydrolysis of benzamides, water, 
100®!® 

-3.613 

+0.118 

0.040 

12 

12. E. Ionization of phenylboric acids, 25% 
ethanol, 26®!! 

-9.699 

+2.143 

0.066 

14 

13. R. Solvolysis of benzoyl chlorides, ethanol, 
0°!* 

-4.071 

+1.629 

+1.471 

0.104 

13 

14. R. Same, methanol!® 

-3.363 

0.066 

10 

15. R. Benzoyl chlorides plus aniline, benzene, 
25®!^ 

-1.201 

+1.217 

0.036 

4 

16. R. Anilines with dinitrochlomaphthalene, 
ethanol, 25®!® 

-1.641 

-3.690 

0.086 

6 

17. R. Anilines with dinitrochlorbenzene, 
ethanol, 25®!® 

-3.899 

-3.190 

0.073 

10 

18. R. Same as 17, but at 100®!® 

-2.382 

-2.581 

0.160 

10 

19. R. Dimethylanilines with CHsI, acetone- 
water, 35® !7 

-3.336 

-2.743 

0.041 

6 

20. R. Phenyldiethylphosphines with C 2 HSI, 
acetone, 35® !’^ 

-3.286 

-1.088 

0.040 

6 

21. R. Dimethylanilines with trinitrophenol 
methyl ether, acetone, 35®!® 

-4.600 

-2.382 

0.057 

6 

22. R. Dimethylanilines with trinitrocresol 
methyl ether, acetone, 26°!*. ^ 

-6.328 

-2.903 

0.038 

4 

23. R. Anilines with benzoyl chloride, benzene, 
25®!* 

-1.162 

-2.694 

0.154 

5 
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Table II. — Reaction Constants. — {CorAinued) 


Reaction 

log 

p 

r 

n 

24. E. Anilines with formic acid to formani- 
lides, pyridine- water, 100 ®®° 

+0.665 

-1.463 

0.036 

11 

26. R. Rate of reaction 24®^ 

-4.123 

-1.219 

0.034 

9 

26. R. Hydrolysis of formanilides, pyridine- 
water, 100 °®^ 

-4.724 

+0.316 

0.065 

9 

27. R. Hydrolysis of benzenesulfonie ethyl 
esters, 30% ethanol, 25®®® 

-5.262 

+1.190 

0.030 

4 

28. R. Hydrolysis of benzoyl chlorides, acetone- 
water, 0 ®®* 

-3.269 

+0.796 

0.220 

9 

29. R. Benzenesulfonyl chlorides with benzene, 
Friedel-Crafts, 30°** 

-4.314 

-1.799 

0.080 

6 

30. R. Phenolate ions with ethylene oxide, 98 % 
ethanol, 70.4°“ 

-4.254 

-0.946 

0.043 

9 

31. R. Phenolate ions with propylene oxide, 
98% ethanol, 70.4°“ i 

-4.698 

-0.771 

0.046 

9 

32. R. Phenolate ions with ethyl iodide, 
ethanol 42.5®®® 

-3.955 

-0.991 

0.016 

5 

33. R. Acid hydrolysis of arylsulfuric acids, 
water, 78.6°^'**®^ 

-2.522 

-0.467 

0.038 

10 

34. R. Benzonitriles with HzS in alkaline alco- 
holic solution, 60.6°3* 

-3.699 

+2.142 

0.064 

7 

36. R. Alkaline hydrolysis of ethyl phenyl- 
acetates, 87-83% ethanol, 30°* 

-1.813 

+0.824 

0,071 

6 

36. E. Ionization of phenylacetic acids, water, 
25°2'®8 

-4.288 

+0.471 

0.026 

10 

37. R, Hydrolysis of benzyl chlorides, acetone- 
water, 69.8®®® 

-4.529 

-1.876 

0.154 

12 

38. R. Benzyl chlorides with iodide ion, ace- 
tone, 20 °“ 

-3.723 

+0.785 

0.078 

11 

39. R. Ald-chlorimines with hydroxyl ion, 
92.5% ethanol, 0®®° 

-1.796 

+2.240 

0.079 

9 

40. R. Alcoholysis of benzoyl chlorides, ether- 
alcohol, 25®®i 

-4.997 

+1.922 

0.047 

8 

41. E. Ionization of phenylarsinic acids, water, 

18°32 . . . 

1 

-3.689 

+0,823 

0.086 

4 

42. E. Acidity constants of dimethyl-anilinium 
ions, 50% ethanol, 20®®* 

-4.05 

+3.99 

0.12 

12 

43. E. Ionization of phenylpropionic acids, 
water, 25^®* 

-4.655 

+ 0,212 

0.011 

' 8 

44. E. Ionization of cinnamic acids, water, 25®®® 

-4.447 

+0.466 

0.027 

9 

45. R. Decomposition in aqueous ammonia of 
CeHr-CJO— NH--0— CO— C 6 H 4 X, 30®®^ 

-4.634 

+0,865 

0.002 

4 
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Table II. — ^Reaction Constants. — {Continued) 


Reaction 

log A;° 

p 

r 

n 

46. R. Decomposition in aqueous ammonia of 
XC6H4CO — NH — 0 — CO — CcHfi, 30**®^. . . . 

-4.589 

-2.597 

0.059 

5 

47. R. Acid hydrolysis of ethyl benzoates, 
ethanol-water, lOO®®^ 

-5.724 

+0.031 

0.007 

7 

48. R. Alkahne hydrolysis of benzyl acetates, 
56% acetone, 25°®® 

-1.157 

+0.760 

0.021 

5 

49. R. Alkaline hydrolysis of ethyl phenylace- 
tates, 56% acetone, 25°®® 

-0.179 

+0.907 

0.150 

6 

50. R. Alkaline hydrolysis of ethyl benzoates, 
66% acetone, 25°®® 

-2.513 

+2.373 

0.051 

7 

61. R. Acid hydrolysis of benzyl acetates, 56 % 
acetone, 25°®® 

-4.527 

-0.063 

0.016 

5 

52. R. Acid hydrolysis of ethyl phenylacetates, 
56% acetone, 25°®® 

-4.567 

-0.134 

0.026 

6 


8 Kindler, {a) Ann., 460, 1 (1926); (6) ibid., 462, 90 (1927); (c) iUd., 464, 
278 (1928); (d) Ber., 69B, 2792 (1936). 

*Hall and Sprinbxe, J. Am. Chem. Soc., 64, 3469 (1932). Hall, ibid., 
62, 5115 (1930). Hammett and Paul, ibid., 66, 827 (1934). Farmer and 
Warth, /. Chem. Soc., 86, 1713 (1904). 

6 Hantzsch and Farmer, Ber., 32, 3080 (1899). Boyd, J. Chem. Soc., 
107, 1538 (1915). 

8 Hartman and Borders, J. Am. Chem. Soc., 69, 2107 (1937). 

^ Nathan and Watson, J. Chem. Soc., 217 (1933). Evans, Morgan and 
Watson, ibid., 1167 (1935). 

8 Morgan and Watson, J. Chem. Soc., 1173 (1936). 

8 Gatlin, C. A., 30, 935 (1936). 

10 Reid, Am. Chem. J., 21, 284 (1899); ibid., 24, 397 (1900). 

11 Branch, Yabrofp, and Bettman, J. Am. Chem. Soc., 66, 937; 1850; 
1865 (1934). 

12 Norris, Fasce, and Staud, J. Am. Chem. Soc., 67, 1416 (1935). 

13 Norris and Young, J. Am. Chem. Soc., 67, 1420 (1935). 

14 Williams and Hinshelwood, J. Chem. Soc., 1079 (1934). 

18 Van Opstall, Rec. trav. chim., 62, 901 (1933). 

18 Singh and Peacock, J. Phys. Chem., 40, 669 (1936). 

1^ Davies and Lewis, J. Chem. Soc., 1599 (1934). 

18 Hbrtel and Dressel, Z. physik. Chem., B29, 178 (1936), 

18 Bertel and Dressel, Z. physik. Chem., B23, 281 (1933). 

20 Davis, Z. physik. Chem., 78, 353 (1911). 

21 Davis and Rixon, J. Chem. Soc., 107, 728 (1916). 

2^ DemJnt, Rec. trav. chim., 60, 60 (1931). 

For remaindei of footnotes see p. 192. 
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rate or equilibrium constant that may be made from the values 
of a and that of p for the reaction in question. Wherever possible, 
the original data have been recalculated in terms of the second 
as the unit of time, and the exceptions are indicated. 

The verification of the linear relationship is satisfactory. 
Out of 52 reaction series, all that could be found where the effect 
of at least four substituents is known, there are 7 only for which 
the probable error is greater than 0.1, and 1 only for which it is 
greater than 0.2. The mean value of the probable error for the 
whole table is only 0.060. The meaning of this precision is 
visualized by Fig. 2, because the reactions the log k values of 
which are plotted have probable errors of about this magnitude. 

Some of the deviations from the linear relationship result 
no doubt from experimental error in the actual measurement, in 
the purification of the materials, or in the failure to isolate a 
single reaction. Others unquestionably represent the super- 
position of some smaller and entirely independent effect Upon 
the influence that leads to the linear relation. In either case 
the deviations are random ones, and there is no indication that 
a curved line would fit the data better than the straight one. 
The second-order effect that leads to the deviations may very 
well result from the kinetic-energy terms; for entropies of reaction 
and of activation in a series of reactions of this sort deviate from 
constancy by comparable amounts (page 121). 


Bergbe and Olivier, Rec. trav. chim., 46, 516 (1927). 

24 Olivier, Rec. trav. chim.j 33, 244 (1914). 

2s Boyd and Marle, J. Chem. Soc., 106, 2117 (1914). 

^ Goldsworthy, J. Chem. Soc.^ 1254 (1926). 

2^ Btjrkhardt, Horrex, and Jenkins, J. Chem. Soc.y 1654 (1936). 

28 Dippy and Williams, J. Chem. Soc., 161 (1934). 

29 Bennett and Jones, /. Chem. Soc., 1815 (1935). 

89 Hauser, LeMaistre, and Eainspord, J. Am. Chem. Soc., 67, 1056 
(1935). 

8^ Branch and Nixon, J. Am. Chem. Soc., 68, 2499 (1936). 

82 Breyer, Ber., 71B, 163 (1938). 

88 Davies and Addis, J. Chem. Soc., 1622 (1937). Davies, ibid., 1866 
(1938). 

84 Rbnfrow and Hauser, J. Am. Chem. Soc., 69, 2308 (1937). 

88 Timm and Hinshelwood, J. Chem. Soc., 862 (1938). 

8® Tommila and Hinshelwood, J. Chem. Soc., 1801 (1938). 
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In one case only, that of the 2 ?-nitro substituent, it is impossible 
to represent all reactions with one value of <r. Even here, 
however, it is not a question of a range of values but of two widely 
different ones. One of these, listed as p-N02^ in Table I, yields 
satisfactory agreement with the reactions of aniline or phenol 
derivatives, the other, listed as p-N 02 ^ applies to the reactions 
of all other compounds. This effect may be more general; for 
the values for other meta directing substituents (COOH, CHO, 
CN, etc.) have been tested only on the reactions of phenols and 
amines. Doubt of their applicability to other benzene deriva- 
tives is emphasized by the available data in the case of the COOH 
group. In 50 per cent ethanol, log K for benzoic acid is —5.29; 
for ??^-phthalic acid, —4.45; for terephthalic acid, —4.38.®^ If 
the (T values obtained from phenol derivatives and listed in 
Table I applied, log K for terephthalic acid would be —3.55, 

The data of Tables I and II compress into a small compass 
a large amount of experimental data and provide the material 
for the prediction of a wide variety of unknown rate and equilib- 
rium constants. From them the effect of any substituent the 
<r value of which is known upon any reaction with known values 
of p and log may be estimated with a probable error of 0.06 
in the logarithm or of 16 per cent in the value of the constant. 
Since the total variation in constant between p-amino and 
p-nitro derivatives may be as much as ten million fold, this is 
not unsatisfactory. 

Theoretical Corollaries. — It is not, in principle, obvious that 
any quantitative relationship should hold between the effects 
of substituents on different reaction series. The process of sub- 
stitution is an essentially discontinuous one; it is impossible to 
proceed from benzoic to nitrobenzoic acid by a gradual transition, 
yet it is possible to use a continuous mathematical function 
to correlate the effect of the discontinuous substitution upon 
the ionization of benzoic acid with its effect upon other reactions. 
This indicates strongly that all these effects of substitution 
depend upon some continuously variable structural parameter, 
to which the substitution of the nitro group for hydrogen assigns 
a particular value.®® 

^ Kuhn and Wassbrmannf, Helv, Chim, Acta, 11, 44 (1928). 

Evans and PolaNti, Trans, Faraday Soc,, 32, 1333 (1936), 
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Given the existence of a quantitative correlation, the fact 
that it is linear in the logarithms can be no mere accident; for 
the linear relationship between the logarithms of the constants 
is equivalent to a relationship between the quantities —RT In k, 
which are the free energies of reaction or of activation. The 
fact that the relationship applies to the free energy of activation 
in the rate problem in just the same way that it does to the 
thermodynamic free energy of reaction in the equilibrium case is 
strong evidence for the transition-state theory of reaction rates. 
The essence of that theory is, in fact, the idea that rate constants 
and equilibrium constants are cast of much the same material. 

The limitations of the linear free-energy relationship are quite 
as significant as its successes. It does not apply to the effect of 
ortho substituents in benzene derivatives, it does not apply to 
the reactions of aliphatic compounds. This is shown in Fig. 1, 
in which the half-shaded circles, which represent the effect of 
these structural changes upon ionization constant and hydrolysis 
rate, deviate widely from the linear relationship established by 
the meta and para derivatives. The differentiation between 
meta and para substitution and all other structural changes 
appears also in the study of the effect of structure upon entropy 
of reaction (page 84) and of activation (page 123) and indicates 
strongly that the linear relation is fundamentally one between 
the potential-energy terms of the rate and equilibrium equations 
AEpi = pAEp 2 + constant (5) 

So long as the kinetic-energy terms are negligible, equation (5) 
requires a linear relationship between the free energies; when the 
kinetic-energy terms are important, the latter relationship fails. 

The Electronic Theory of the Effect of Substituent. — Just as 
equation (4) reduces the practical problem of predicting the effect 
of a substituent upon rate or equilibrium to the determination of 
the values of a and p, so it reduces the theoretical problem of 
accounting for the effects of substituents to that of explaining 
the magnitudes of the same quantities. This may be satisfac- 
torily done in terms of an ^^electronic theory, which discusses 

(a) liArwoRTH, Natursy 115, 625 (1925). (6) Ajulan, Oxford, Robin- 
son, and Smith, J. Chem. Soc., 401 (1926). (c) Ingold and Ingold, ibid., 

1310 (1926). (d) Ingold, Annual Reports of the Chemical Society, 129 
(1926); (e) Eec. trcev. chim., 48, 797 (1929); (J) Chem, Rev,, 15, 225 (1934;, 
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the phenomena in terms of internal electronic displacements and 
visualizes two ways in which the substitution of another group for 
ring hydrogen may alter the electronic density on the other atoms 
of the benzene ring. One called the inductive depends 

upon electrostatic effects. The simplest example is the 
group in anilinium ion, the positive charge of which must exert 
a pronounced pull on all the electrons of the molecule; such a 
group is an electron sink, whereas the COO" group in benzoate 
ion is for the same reason an electron source. But a group 
carr3dng no net charge may be source or sink by virtue of its 
charge distribution. Thus the removal of the valence electrons 
from a chlorine substituent would leave a kernel with a positive 
charge of 7, the kernel of the hydrogen that the chlorine replaces 
has a charge of only +1. Consequently, the substitution intro- 
duces a region of comparatively high positive-charge density in 
the immediate neighborhood of the ring. Even though this is 
balanced by the more distantly removed valence electrons of the 
chlorine, it exerts an attraction on the electronic system of the 
molecule. 

The other effect, called the tautomeric, can best be visualized in 
terms of the resonance concept. Chlorbenzene may be pictured 
as a resonance hybrid (A). Because of th^ presence in it 
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of structures in which electrons from the chlorine have been 
transferred to the ortho and para carbons, the electron den- 
sity on these is higher than would be predicted from the classi- 
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cal formula. In nitrobenzene, on the other hand, the resonance 
H H H H 

C-C O' C-C O' 

❖ » ❖ \ " 

H-C C-N — .H-C C=N etc. 

C=C 0* c=c o* 

H H H H 

{B) 

withdraws electrons from the ortho and para carbon atoms. 

The result of the two effects must be a decrease in electron 
density in those cases in which cr is positive, an increase when it is 
negative. Thus the positive value of <r for the NO 2 group means 
that this group decreases the work required to remove a proton 
from benzoic acid (it increases the ionization constant); since 
this involves the separation of the proton from its bonding elec- 
trons, a decrease in electron density must facilitate it. 

In terms of this theory the quantity — o- measures a change in 
electron density produced by a substituent, the quantity p 
measures the susceptibility of the reaction in question to changes 
in electron density. 

The Interpretation of the <1 Values. — A. substituent produces, 
in general, different changes in electron density on the different 
carbon atoms of the ring; consequently, its effect differs according 
to the relative positions of substituent and reacting group. The 
tautomeric effect, in principle, affects directly only the ortho and 
para positions, and its indirect effect on the meta positions must 
be smaller than the direct one. In practice, the same thing 
appears to be true of the inductive effect, since the methyl group, 
for which no tautomeric effect is possible, exerts a greater effect 
in the para position (<r = —0.170) than it does in the meta posi- 
tion (<r = —0.069) relative to the reacting group. The nitro 
group for which both the inductive effect due to the charge of 
the nitrogen kernel and the tautomeric effect {B) tend to decrease 
electron density likewise shows a greater effect in the para 
(+0.778 or +1.27) than in the meta (+0.710) position. With 
the halogens and the methoxyl group the two effects are opposed, 
the inductive effect tending to decrease the electron density on 
all the ring atoms, the tautomeric effect to increase it specifically 
in the ortho and para positions. In the case of the halogens the 
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result is a decrease in density all over the ring but a smaller 
decrease in the para than in the meta position. Unlike the 
methyl and nitro groups, these substituents exert an effect of 
greater magnitude in the meta (<r = 0.337 to 0.391) than in the 
para {<r = 0.062 to 0.276) position. In the case of the methoxyl 
group the conflict leads to opposite signs of or in the meta and 
para positions, the values being —0.268 for para and +0.115 for 
meta. 

The Interpretation of the g Values. — The sign of the value of p 
may be predicted when the substitutions are made in the A or 
the C component of the typical displacement reaction. This is 
the case in the ionization of benzoic acid (page 196), phenol, or 
aniline, where the B component is the proton. It is equally true 
in the reaction (19 of Table II) of dimethylanilines with methyl 

C6H6N(CH3)2 + CH 3 I C6H5N(CH3)3+ + I" (I) 

A BC — > AB + C 

iodide in which a high electron density on the nitrogen favors the 
formation of a new bond to carbon which utilizes the unshared 
electrons of the nitrogen. The favorable effect of high electron 
density implies a negative value of p. 

The problem is more difficult when the B component of the 
displacement reaction carries the substituents. If the dis- 
placement is nucleophilic, a decrease in electron density favors 
the formation of the new link, which tends to increase p, but 
it is unfavorable to the rupture of the old one, which tends to 
decrease p. The balance is difficult to predict^® and may lean 
toward either side. Thus the reaction of pyridine with 
C 6 H 5 CH 2 Br shows a negative value of p, that of pyridine with 
CeHsCO — CHsBr a positive one.^^ 

A final obstacle in the path of a prediction of even the sign of 
p is the fact that many reactions are still of unknown mechanism. 
A prediction of the magnitude of the quantity is, of course, much 
more difficult. It is in some cases very sensitive to small changes 
in the nature of the reacting system. Thus the value is —0.946 

Hinshelwood, Laidler, and Timm, J. Chem- Soc.^ 848 (1938), discuss 
this problem in slightly different terminology. Since the linear free-energy 
relationship applies only in cases in which the effect of a substituent upon 
free energy of activation is the same as its effect upon heat of activation, it 
necessarily implies a linear relationship in the latter quantities. 

Bakbe and Nathan, J, Chem. Soc.^ 519 (1935), 
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for the reaction (reaction 30 of Table II) of a series of phenolate 
ions with ethylene oxide, and —0.771 for the reaction of the same 
series of substances with propylene oxide (reaction 31). 

Orientation in the Benzene Ring. — The electron-displacement 
theory also accounts most satisfactorily for orientation and 
reactivity in ring-substitution reactions, in fact it was largely 
derived from the study of this problem. ^9 This appears qualita- 
tively in such familiar phenomena as the following: Substituents 
the <r value of which is negative in the para position and less 
negative or positive in the meta position (CHs, CHsO) increase 
the reactivity of the ring in nitration, halogenation, and similar 
reactions and yield chiefly ortho and para derivatives. This 
indicates that these reactions are favored by high electron den- 
sity. Since this is higher in the para position of toluene or 
anisole than in the meta positions of the same substances or in 
benzene, reaction is faster in the para position than in the meta 
and faster than in benzene. In agreement with the large positive 
value of a for the nitro group, more positive in the para than in 
the meta position, nitrobenzene is less reactive than benzene, and 
substitution takes place mostly in the meta position. The or 
values for the halogens indicate that these decrease the electron 
density on all positions, but to a greater extent on meta. In 
agreement with this, the halogen benzenes resemble nitrobenzene 
in being less reactive than benzene but orient ortho para like 
toluene. 

The quantitative correspondence of theory and experiment 
appears in recent competitive measurements which short-circuit 
the problem of the unknown and complicated order and mecha- 
nism of the substitution reaction. gy nitrating a mixture of 
benzene and toluene under standard conditions (acetyl nitrate in 
acetic anhydride) and determining the proportions of nitro- 
benzene and of the various nitrotoluenes in the reaction product, 
it is possible to determine the relative values of their specific 
rates of formation, subject only to the assumption that all. the 
reactions are of the same order (page 124). By application of 
suitable statistical factors (pages 124, 200) the relative reactivity 

InqoIjD, Lapworth, Rothstbin, and Ward, Chem, Soc,, 1969 (1931). 
Bird and Ingold, ibid ,, 918 (1938). Ingold and Smith, ibid ., 906 (1938). 
Bbdpord and Ingold, ibid ., 929 (1938). 
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of a carbon atom in benzene and in the various positions in 
toluene may then be calculated. Similar experiments with 
halogen benzenes and with ethyl benzoate lead to values of the 
relative reactivity of the ring atoms in these compounds. The 
logarithms of these reactivities (log k) are plotted against a in 
Fig. 3 , the a values for CO 2 H being used instead of the unknown 
but probably identical values for CO 2 C 2 H 6 . The parallel trend 



or 

Fig. VII-3. — Compaa:isoiL of relative reactivity in nuclear substitution reactions 
(.k/.k°y with the substituent constant (t. 

of the values of log k and <r is obvious, and the value of p for 
nitration under the conditions used is of the order of five. 

The Electrical-field Theory of Substituent Effects. — Another 
approach to the substituent problem was initiated^® by the con- 
sideration of the relation between the first and second ionization 
constants of a symmetrical dibasic acid. K there were no 
influence of one acid group on the other, the first coDstant would 
be four times greater than the other for statistical reasons which 
may be derived from the following considerations. The equilib- 
rium constant Ki is the ratio of the specific rates hi and h_i for 
the removal of a proton from IIOOC(OHj)a!COOH and for the 
addition of a proton to HOOC(CHs)xCOO~. Similarly, the 
BmtBtTM, Z. physik. Chem., 106, 219 (1923). 
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second ionization constant K.^ is the ratio of the specific rates 
ki and ifc-a for the removal of a proton from the singly charged 
ion and for the addition of a proton to “OOC(CH 2 )*COO~. 
But there is a factor of 2 in favor of ki over hi because there are 
two protons in the neutral acid and only one in the singly charged 
ion. There is a similar factor of 2 in favor of h-t over ifc_i 
because of the two positions in which the proton may add in the 
doubly charged ion. Hence in the absence of any interaction 
between the groups, k\ = 2 ^ 2 , fc _2 = 2fc_i, and 

if 1 = ^ = = 4X2 (6) 

h-i 

Statistical factors of the nature of the 4 in this equation have 
appeared in connection with benzene substitution (page 124) and 
are easily derived in many cases. Thus the first ionization con- 
stant of a dibasic acid should be twice as great as the ionization 
constant of its monoethyl ester if the structural influence of the 
ethyl group in C 2 H 600 C(CH 2 )»C 00 H is the same as that of 
the proton in HOOC(CH 2 )*COOH.'*^ The ratio is actually close 
to 2 in many but not all cases. 

The ratio of the first and second ionization constants of 
dibasic acids is, however, in all cases greater than the statistical 
factor of 4. This means that the group COO" present in the ion 
malffts the removal of the second proton, more difficult than the 
first, for which the corresponding group is the electrically neutral 
COOH group. The extra free energy involved in the case of the 
ion is 

LO° = -RT la Kr + RT hi (7) 

If this free energy is identified with a potential-energy quantity, 
the electrical work necessary to remove the second proton against 
the attraction exerted by the charge on the COO“ group, viz., 


1 

II 

(8) 

the equation 

jzr In ^ = - 
4 X 2 er 

(9) 

is obtained.'^® 


Wbgschbider, MortcUsKj 16, 153 (1895). 

^ Greenspan, Chem, Rev.j 12 , 339 (1933). 
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The available data on ionization constants lead by way of 
equation (9) to values of r, the distance between the two carboxyl 
groups, which are at least of the correct order of magnitude 
(Table III) and which increase with increasing length of the 
carbon chain between them. Further, the difference between 
maleic and fumaric acids is in the expected direction, and the 
ratio K 1 /K 2 Sias a greater value in methanol in water, although 
the change is not so large as that predicted from the dielectric 
constants.^® When, however, the data are more closely examined, 
a number of diflBlculties appear. (1) The value of r in the short- 
chain acids is much too small. (2) The average increase in r 
for each CH 2 group in straight chain acids is 1.73a, whereas the 


Table III. — ^First Am> Second Ionization Constants of Dibasic Acids^^ 


Acid 

IC^iTi 

WK 2 

Ky/K^ 

r(A) 

Malonic 

177.0 

4.37 

405. 

1.5 

Succinic 

7.36 

4.50 

16.35 

5.0 

Glutaiic 

4.60 

5.34 

8.61 

9.2 

Adipic 

3.90 

6.29 

7.37 

11.5 

Pimelic 

3.33 

4.87 

6.84 

13.2 

Suberic 

3.07 

4.71 

6.52 

14.5 

Azelaic 

2.82 

4.64 

6.08 

16.8 

/3-Methylglutaric 

5.77 

0.628 

91.9 

2.27 

j8,/3“Dimethylglutaric 

20.3 

0.551 

369. 

1.57 

i3,)3-Diethylglutaric 

30.4 

0.0785 

3870. 

1.02 

Maleic 

1200. 

0.595 

20,200. 

23.17 

1.19 

Fumaric 

95.7 

41.3 

5.25 



value expected from the covalent radii and bond angles (page 31) 
is not more than 1.29a and is less if the chain is bent or coiled. 
(3) The extremely small values of r obtained with the alkyl- 


H-O CHa CHa O 

\ ✓ X ✓ \ ❖ 


c 

❖ 

o 


CHa 

(C) 


c 

OH 


CRa 

< X 

CRa CRa 

X ✓ 

c c 

I I ❖ 

O OH OH O 

(D) 


" Ebert, Ber,, 68B, 175 (1925), 

" Oane and Ingold, 7. Chem. Soc., 1594 (1928). German, Vogel, and 
Jbppbrt, Phil. Maff.j 22, 790 (1936). 
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substituted acids can be accounted for only by the purely ad hoc 
assumption that the alkyl groups convert the extended structure 
(C) of the unsubstituted acid to a coiled form (D). 

The theoretical argument for equation (9) is weak in the 
following respects: (1) The kinetic-energy terms imthe equilib- 
rium equation have been disregarded. (2) Internal electron 
displacements in addition to the external field are not considered. 
(3) Electrical theory based on the hypothesis of a continuous 
dielectric medium meets difficulties when the distances involved 
are of the same order of magnitude as the dimensions of the 
molecules of the dielectric. (4) The dielectric constant of 
the acid molecule, which occupies part of the space between 
the charge and the ionizable proton, is smaller than that of the 
solvent medium.'^ 

An attempt to correct for weakness 3^® leads to values of t 
which avoid difficulties 1 and 2 but still yield low values for the 

Table IV. — ^The Kibkwood-Westheimer Treatment of Dibasic Acids 


Acid 

r(obs.) 

r(calc.) 

Oxalic 

3.85 

3.50- 4.44 



4.15 

4.12- 4.87 

Tcijram ethyl 811 "H i 0. , 

4.80 

4.66- 6,66 

Succinic 

5.85 

4.66- 6.66 

Gliita’riftr 

7.00 

5.15- 7.39 

ShIiaHo 

9.30 

6.38-11.46 





alkyl-substituted acids. On the other hand, a mathematical 
treatment that avoids weakness 4 by treating the acid molecule 
as a spherical or ellipsoidal cavity of low dielectric constant 
(2.0) in a solvent medium of high dielectric constant (80 for 
water) leads to reasonable values in all cases, as the data of 
Table IV demonstrate. The calculated values in this table 
include as a maximum the value calculated on the basis that the 
acid molecule is stretched to the fullest extent permitted by the 
normal covalent radii and bond angles; as a njinimum, an aver- 
aged value, the root mean square, calculated on the basis of 

^ ScBWARZENBACH, Z. physik, Chem.f A176, 133 (1936). 

« Ingold, L Chem. Soc., 2179 (1931). 

Kirkwood and Wbsthbimer, J. Chem, Phys., 6, 506; 513 (1938). 
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free rotation about all the bonds. The great improvement that 
results from this correction of the simple electrical-field theory 
arises from the fact that the electrical lines of force are constrained 
to pass to a greater extent through the molecule in the case of 
short-chain or alkyl-substituted acids. This is equivalent to a 
decrease in the effective dielectric constant and, consequently, 
to an incorrectly small value of r when the dielectric constant of 
the solvent is used in equation (9). 

The quantity Ki/4lK2 measures the effect of a substitution, 
that of COO“ for COOH, upon the ionization constant, and the 
field theory attributes the effect solely to the charge on the former 
group. An electrically neutral substituent also produces an 
electrical field by virtue of its dipole moment. In terms of 
the same approximations as those of equation (9), the effect of 
a substituent should be given by®^ 

AO° RT In (10) 

A(n COS 6) is the difference between the components in the 
direction of the ionizable proton of the dipole moments of the 
substituent group and of the C — group that it replaces. 
Equation (10) leads, however, to values of the free-energy differ- 
ence that are about ten times too small. The theory may be 
improved by the Kirkwood-Westheimer method and then yields 
correct values for AG° with reasonable values of r, but still fails 
to account for temperature and medium effects. 

It seems indeed clear that any treatment of this sort is an 
approximation, an approach from another direction to phe- 
nomena that may also be approximated in terms of internal 
electron shifts complicated by an effect upon the internal charge 
distribution of the dipoles of the medium. The greatest weak- 
ness of the field theory in its present state is its inability to 
account for differences in the magnitude of the quantity p in 
different reactions. Thus the effect of a substituent upon the 
free energy of ionization of phenylboric acid is over twice as 
great (p = 2.143) as it is upon that of benzoic acid, even though 
the value of r and the molecular - shape and dimensions must be 

SI Watbes, Phil. Mag., 8, 436 (1929). Wolf, Z. physih. Chem., B3, 128 
(1929). 
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nearly the same in the two cases. The same problem arises with 
anilinium ion (p = 2.730) and phenol (p ?= 2.008).^^ On the 
other hand, the linear free-energy relationships make it very 
difficult to suppose that there are two different effects of a sub- 
stituent, following different laws. 

In the hydrolysis of esters of dibasic acids the rate constants 
show a statistical factor of 2 in favor of the first step of the 
hydrolysis as against the second. In the acid hydrolysis the 
first step converts the group COOR into COOH, the effect of 
which upon the rest of the molecule should be nearly identical. 
Consequently, the ratio of the rate constants should be and is 
equal to the statistical factor, having the experimental value of 
2.00 with the methyl and ethyl esters of succinic and tartaric 
acids.®® The first step in the alkaline hydrolysis, however, 
converts the group COOR into the COO“ which by virtue of its 
charge has a pronounced effect upon the free energy of activation 
involved in bringing up a hydroxyl ion for the second step. The 
equation®^ 


2k% er 


( 11 ) 


derived in the same way as equation (9), leads to closely similar 
values of r for related acids and esters. 

The Proximity or Ortho Effect. — The effect of a substituent at 
a point in the molecule close to the reacting group may be 
different in kind from that which it exerts at a more distant point. 
The phenomenon was first recognized as “steric hindrance'' 
in the acid-catalyzed esterification of benzoic acids,®® in which 
the rate of reaction is appreciably reduced by a single methyl, 
halogen, or nitro group in the ortho position (Table V) and so 
powerfully by substitution in both ortho positions that conditions 
which otherwise lead to quantitative yields result in negligible 

For other comparisons of the effect of substituents in different reactions 
in terms of the field theory, see Schwarzenbach, Helv. Chim. Acta, 16, 1468 
(1932); 16, 522; 529 (1933); 17, 1176; 1183 (1934); Z. physih, Chem., A176, 
133 (1936). ScBWABZENBACH and Eppebcht, Helv, CMm. Acta, 19, 493 
(1936). 

iNGoiiD, /. Ckm, Soc., 1376 (1930). 

Ingold, J, Chem. Soc., 2170 (1931). 

Meter, Ber,, 27, 610 (1894). 
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reaction. The characteristic features of this as of all similar 
cases are the unexpectedly large effect of the double substitution, 
the fact that methyl and nitro groups produce effects in the same 
direction, and the relatively large magnitude of the effect of 
the ortho substitution. Substituents in meta and para positions 
have little effect upon the esterification rate (p = —0.467). A 
similar pronounced retardation by double ortho substitution, 
regardless of the nature of the substituents, is a characteristic 
feature of the reactions of carboxylic esters, amides, -and acid 
halides, and of nitriles, ketones, and amines and is a well-recog- 
nized phenomenon in preparative chemistry.®® 

Table V. — Effect op Ortho Substit-dents oisr Equilibria and Rates 
A few para substituents are included to set the scale of the effect. The 
data are the ratios K/K^ or where iT® and A;® are equilibrium and rate 
constants for the unsubstituted compound. The reaction numbers are 
those of Table II 


Substituent 

1. Acid 
ioniza- 
tion con- 
stants S' 

2. Ben- 
zoic ester 
hydroly- 
sis 

rates*'<^® 

3. Acidity 
constants 
anilinium 
ions* 

5. Cin- 
namic 
ester hy- : 
drolysis 
rates^ 

6. Esteri- 
fication 
rates, 
benzoic 
acids* 

18. Ani- 
line 

reaction 

rates 

33. Aryl 
sulfuric 
acid- hy- 
drolysis 
rates 

p-CH» 

0.676 

0.467 

0.33 

0.711 

0.560 

2.47 

0.771 

2>-Cl 

1.67 

4.32 

3.8 

2.03 

0.610 

0.277 

1.21 

p-NOa 

6,00 

103 9 

3,100. 

9.78 


<0.001 

5.00 

o-CHsO 

1.286 


1.2 

0.376 


0.579 

1.49 

o-CH* 

1.96 

0.124 

1.6 

1 

0.260 

0.103 

0.870 

o-F 

8.63 

5.55 


2.34 




o-Cl 

18.2 

1.910 

65. 

1.99 


<0.001 

1.46 

o-Br 

22.3 

1.887 

96. 

3.06 

0.475 



<^-1 

21.9 

0.835 


2.52 




o-NOa 

107.0 

5.71 

58,000, 

7.93 

0.066 

<0.001 

4.02 

/j-o.RrK 

5.53 





0.036 

0.747 

o-CaHfi ... 


1.3 




0.357 


The data listed in Table V show that reactions 1, 2, 3, 6, 
and 18 exhibit the characteristic phenomena that o-methyl and 
o-nitro groups have effects in the same direction and that ortho 
substituents have effects of a quite different magnitude from 
those in the meta and para positions. Since the effects are just 

Goldschmidt, *'Stereochemie,” Leipzig, 1933, pp. 222j^. 

Difpt and Lewis, J. Chem. Soc., 1426 (1937). 

** Evans, Gordon, and Watson, J, Ckem. Soc^j 1430 (1937). 
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as pronounced in the equilibria 1 and 3 as in the rates of the other 
reactions, they can hardly be determined by the interference due 
to the mere bulk of the substituent implied by the name steric 
hindrance. The effect may better be caUed a proximity effpot 
or an ortho The effect of substituents in the ^-position 

of aliphatic compounds appears to be similar and is included in 
the first term. 

The Relation between the Proximity Effect and the Kinetic- 
energy Terms. — There is a striking parallelism between the con- 
ditions which give rise to a proximity effect and those which 
lead to a change in entropy of reaction or of activation upon the 
introduction of a substituent. In general, meta and para sub- 
stituents do not alter the entropy; in general, they satisfy the 
linear free-energy relationship. In general, ortho substituents do 
alter the entropy; in general, they produce a proximity effect, 
which is a deviation from the linear relationship. In particular, 
however, ortho substituents do not alter the entropy of activation 
of the aryl sulfuric acid hydrolysis (page 124), and this reaction 
(33 of Table V) also shows no proximity effect. The effect of an 
ortho substituent is nearly the same as that of a para substituent, 
and the whole series of data closely parallels that obtained in the 
hydrolysis of cinnamic ester in which an ortho substituent is 
widely removed from the point of reaction. Further, the o-fluo 
substituent does not alter the entropy of activation in the benzoic 
ester hydrolysis; (page 122) its effect upon the rate of the reaction 
closely parallels that observed in the cinnamic ester hydrolysis, 
that of the other halogens does not. 

In the problem of orientation in ring substitutions, it has 
been found (page 125) that a substituent has the same effect upon 
the entropy of activation for reaction in the ortho position as in 
the other positions. It is among the most familiar facts in 
organic chemistry that the rate of substitution in the ortho 
position closely parallels that in the para position, that a sub- 
stituent orients either ortho-para or meta. It is, therefore, very 
probable that the proximity effect acts through and is the direct 
result of the kinetic-eneigy terms in the equilibrium and rate 
equations and that when, in special cases, these terms vanish 

w Dippy, Eyaits, Gordon, Lewis, and Watson, J. Chem. Soc.^ 1421 
(1937). 
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for reaction in the ortho position the rate of reaction in that posi- 
tion is nearly identical with that in the para position. 

The kinetic-energy terms that produce the proximity effect 
are in some cases closely related to the interaction of the reacting 
substances with the solvent, because a proximity effect may 
appear in the action of changing solvent on a reaction. Figure 
4 plots data for the relative ionization constants in the 

solvent butanol (page 85) against the same quantity in water. 



Fig. VII-4. — Relative acidity constants in water and butyl alcohol.^ 

The full circles that represent meta and para substituted benzoic 
acids satisfy a linear free-energy relationship, the open circles 
that represent ortho-substituted benzoic acids and aliphatic acids 
do not. The proximity effect is very specific in its incidence. 
Aniline and its derivatives show it in nearly every reaction; the 
very similarly constituted phenolate ion does so rarely if ever.®^»^ 
A double ortho methyl substitution completely suppresses the 
ordinary carbonyl-group reactions of acetophenone and benzoic 
acid (page 204), yet does not interfere with the rupture by sulfuric 
acid to m-xylol and carbon dioxide or acetic acid.®*^ In fact, there 
seems never to be any steric hindrance in reactions in which the 
ortho-substituted phenyl group carr3dng its bonding electron 
pair breaks loose from the rest of the molecule. 

BtnoNG, Rec. irav, chim,, 40, 327 (1921). 
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The Effect of Structure on the Reactions of Aliphatic Com- 
pounds. — ^The complicated phenomena that appear in the effect 
of structure on the reactions of aliphatic substances are not at 
present amenable to quantitative correlation or to theoretical 
interpretation except in limited fields, and they show qualitative 
parallelisms only when the reactions compared are of similar type 
(page 153). 

In addition to the data already reported (page 154) the follow- 
ing information on nucleophilic displacements is available. .The 
displacement of chloride ion by iodide ion (reaction 1 of Table 
II, Chap. V) shows the rates relative to that of ethyl chloride 
indicated:®^ cyclohexyl chloride, < 0.0005; chloracetone, 18,400; 
chloracetophenone, 54,000; ClCHjsCN, 1600; ethyl chloracetate, 
887; CH 3 OCH 2 CI, 470; ethyl chloroformate, 13; benzoyl chloride, 
360; triphenylmethyl chloride, 19,600; CeHs — C^C- — Cl, very 
small; CgHs — C=C — CH 2 CI, about the same as C(jSs CH 
CH — CH 2 CI. The effect of the ring closure in cyclohexyl 
chloride is a specific one which appears in other reactions of ring 
compounds. Unsaturation of the carbonyl type produces a 
greater acceleration than olefinic unsaturation; in both cases the 
rate is greater with ^ than with a unsaturation (c/. chloraceto- 
phenone and benzoyl chloride). 

The closely related displacement of iodide by thiosulfate ion 
(reactions 8 and 9 of Table II, Chap. V) exhibits similar effects. 
The relative rates of reaction of methyl iodide and of ethyl 
iodoacetate at 25° are as 1:8.2, those of methyl chloride, ethyl 
chloracetate, chloracetone, and chloracetate ion as 1 : 2.7 :17.0 : 0.19. 
The last figure shows the expected effect of a negative charge. 
Halogens retard in the )3-position, the ratjes for methyl iodide, 
ethylene diiodide, and ethylene bromiodide at 25° being as 
1:0.42:0.26. Ethylene chloriodide and chlorbromide react by 
a first-order solvolytic mechanism. 

The reaction of alkyl bromide with pyridine shows the follow- 
ing relative rates: 7 i-propyl bromide, 1 ; benzyl bromide, 286; 
allyl bromide, 70; bromacetophenone, 406; ethyl bromacetate, 
56.1,*® and thus resembles the nucleophilic displacements in 
which the displacing group is negatively charged. 

Eef. 32, Chap. V, also Mtieeat, J. Am. Chem. Soe., 60, 2662 (1938). 

** CnuftxB, J. Chem. Soe., 97, 416 (1910). 



THE EFFECT OF STRUCTURE ON REACTIVITY 209 


All known reactions of alkyl halides are faster with the iodide 
than the bromide and much faster with the bromide than with 
the chloride. 

The reaction of alcohol with HBr in phenol (reaction 11 of 
Table II, Chap. V) exemplifies the structural effect in reactions 
involving an electrophilic attack on oxygen or halogen. The 
following relative rates at 97® are based partly upon extrapolation 
from lower temperatures: CHsOH, 1; C 6 H 6 OCH 2 CH 2 OH, 
0.00788; C 6 H 5 OCH 2 CH 2 CH 2 OH, 0.0944; CICH 2 CH 2 OH and 
NO 2 CH 2 CH 2 OH, too small to be measured; HOCH 2 CH 2 OH, 
0.0139; HOCH 2 CH 2 CH 2 OH, 0.1231; H0(CH2)40H, 0.965; 
H 0 (CH 2 ) 50 H, 0.2139; HO(CH2)60H, 0.1211. The irregularity 
in the effect of lengthening chain in the glycols is a not uncommon 
feature of such systems.®® 

Reactions involving a nucleophilic displacement on hydrogen, 
protolytic reactions, are affected by substitution on the <a:-carbon 
in an opposite fashion from the electrophilic displacements on 
oxygen or halogen. Thus the relative rates of neutralization 
of nitroalkyls®^ 

R'R"CHNOa + OH- [P'R^CNOJ- + HaO (II) 

are for nitromethane, 1; nitroethane, 0.164; nitroisopropane, 
0.0087; nitro-n-propane, 0.123. The equilibrium constants vary 
in the opposite direction, being for nitromethane, 0.26 X 10”^®; 
nitroethane, 27. X 10”^®; nitro-i-propane, greater than for nitro- 
ethane. This is a most important case of the failure of the usual 
rate-equilibrium parallelism. The base-catalyzed bromination of 
acetophenone the rate-determining step of which is a similar pro- 
ton transfer shows a similar structural effect,®® the relative rates 
being CeHsCOCHs, 1; CsHgCOCHaCHs, 0.154; C6H6CH(CH3)2, 
0.0298; C6H5CH2CH2CH3, 0.135; C6H6COCH2CH(CH8)2, 0.059. 
A sinailar effect is noted in the base-catalyzed deuterium 
exchange.®® 

Bennett and Mosses, J. Chem, Soc,^ 2956 (1931). Palomaa, Her., 
71B, 480 (1938). Atling, J, Chem, Soc,, 1014 (1938). 

(a) JuNBLL, Dis., Ups^a, 1936. (5) Maron and LaMer, J, Am, Chem, 

See,, 60, 2588 (1938). 

’ Evans and Gk>Bi>ON, J, Chem, Soc,, 1434 (1938). 

®® Ives, J, Chem, Soc., 81 (1938). 
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Substitution of alkyl for hydrogen on the a-carbon decreases 
the acidity of the proton in alcohols (page 50). Reactions that 
involve the displacement of this hydrogen by another group show 
a corresponding decrease in rate. Thus the reaction 

ROH + 3?-N02C6H4C0CI 3?-N02C6H4COOR + HCI (III) 

shows the following relative rates in ether at 25° with R = CHs, 
1; C 2 H 5 , 0.459; i-CsHv, 0.0549; t-CJIg, 0.0147; n-CsHr, 0.358; 
t-C4H9, 0.167; n-C4H9, 0.382; CeHs, 0.0929; CeHsCHa, 0.217. 
For the reaction®^ 

ROH + CeHfiNCO ROCONHCeHs (IV) 

in benzene at 26° the relative rates are as follows: CHs, 1; C 2 H 6 , 
0.96; i-CsHr, 0.31; t-CMg, 0.0032; n-CsH?, 0.78; i-C4H9, 0.69; 
n-C4H9, 0.97. 

No reaction has been more widely investigated from the struc- 
tural point of view than the ionization of carboxylic acids. 
Recent accurate values®^ of the ionization constant times 10® 
of RCOOH in water at 25° are as follows: R = H, 17.72; CHs, 

I. 76; C 2 H 6 , 1.34; i-CsHr, 1.38; ^C4H9, 0.891; ^-CsHt, 1.50; 
i-C4H9, 1.67; n-C4H9, 1.38; ti-CsHu, 1.32; CH2=CH, 5.501; 
CICH 2 , 137.9; HOCH 2 , 14.76; CeHe, 6.27; C 6 H 5 CH 2 , 4,88; 
CHsC^C, 222,8. 

It is a well-known qualitative fact that the addition reactions 
of carbonyl compounds go faster with aldehydes than with 
ketones and faster with methyl ketones than with others. This 
is borne out by the quantitative data of Table VI on the rate of 
formation of semicarbazones at 25° in an aqueous phosphate 
buffer of pH 7. 

The wide differences between the effects of changing structure 
upon the rate of the formation, the rate of the reverse reaction 
of hydrolysis, and the equilibrium constant of the reaction 
show again that the rate-equilibrium parallelism is no general 
law free of restriction or limitation. The effect of such a con- 
flict between rate and equilibrium effects is strikingly illuminated 
by an experiment^®"' in which a mixture of equimolar quantities 

^ Nokris and Ashdown, J. Am. Chem. Soc.j 47, 837 (1925). 

Davis and Fabnum, J. Am. Chem. Soc.y 66, 883 (1934). 

Dippy, J. Chem. Soc.^ 1222 (1938). Gbbman, Jeppebt, and Vogel, 

J. Chem. Soc., 1604 (1937). Ref. 11, Chap. III. 
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of cyclohexanone, furfural, and semicarbazide yields almost 
pure cyclohexanone semicarbazone when worked up after a few 
seconds but equally pure furfural semicarbazone after a few 
hours. The explanation follows from the data of Table VI. 
Cyclohexanone reacts about fifty times as fast as furfural, but 


Table VI. — Semicarbazone Reactions^® 



Rate constant for 

Equilibrium constant 
for formation 

Formation 

Hydrolysis 

Acetaldehyde 

6.02 

1.73 X 10-4 

3.4 X 104 

Benzaldehyde 

0.0342 

1.03 X 10-r 

3.3 X lOs 

Furfural 

0.0122 

0.92 X 10-^ 

1.32 X 105 

(CH3)3CCH0 

0.333 

6.2 X 10-« 

5.4 X 104 

CHaCCOCOOH 

0.1229 

6.3 X lO-' 

1,96 X 10® 

Acetone 

0.1004 

3.0 X 10-< 

309 

Cyclohexanone 

0.600 

1.27 X 10-» 

467 

(CH3)8CC0CH3 

0.00113 

1.43 X lO-* 

79 


the equilibrium constant for the formation of its semicarbazone is 
only one-three hundredth of that of the aldehyde. Consequently, 
the more rapidly formed ketone derivative is, in the course of 
time, converted almost entirely into the more stable aldehyde 
compound. 

More approximate data on the rates of formation of phenyl- 
hydrazones and bisulfite derivatives^^ parallel those obtained in 
the semicarbazone formation. The equilibrium constants of the 
cyanliydrine reaction^^ do not parallel the rates of the other 
carbonyl reactions. 

The alkaline ester hydrolysis in water solution^® shows the 
following relative rates at 25^: For CH 3 COOR with R =?= CHs, 1; 
C 2 H 5 , 0.601; i-CsHy, 0.146; ^-C 4 H 9 , 0.0084; n-CsHr, 0.649; 
CH 2 =CH, 57.7; CeHs, 7.63; CeHeCHz, 1.10; HOCH 2 CH 2 , 1.52. 

^0 (a) CoNANT and Bartlett, J. Am, Chem, Soc.^ 64, 2881 (1932). (6) 

Westheimeb, ihid,j 66, 1962 (1934). 

Pbtrbnko-Kritschenko, Ann,j 341, 150 (1905). Stewart, /. Chem, 
Soc., 87, 185 (1905). 

’^^Lapworth and Manskb, J. Chem. 5oc., 2533 (1928); 1976 (1930). • 

73’Skrabal et at, MonaUh., 46, 148 (1924); 47, 17; 30 (1926); 48, 459 
(1927); 60, 369 (1928). Palomaa, Ber., 71B, 480 (1938). 
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For ECOOCHa with R = H, 223; CHa, 1; ClCHa, 761; CUCH, 
16,000; CHaOOC, 170,000; "OOC, 8.4; CHaOOCCHa, 13.7; 
-OOCCHa, 0.19. For RCOOC2H5 with R = CH*, 0.601; CaHs, 
0.553; CHsCO, 10,000; CHaCOCHa, 2.66; HOCHa, 6.08; 
CHaOCHa, 11.9; CaHaOCHa, 6.03. For the reaction of 
RCOOCaHa in 87.83 per cent ethanol at 30° the relative rates are 
as follows:®'** CHa, 1; CaHa, 0.470; f-CaHa, 0.100; 0.0105; 

n-CaHa, 0.274; n-C 4 H 9 , 0.262; CaHa, 0.1019; CaHaCHa, 1.322; 
CeH8CH=CH, 0.220. Qualitative data^* on such substances as 
(E) and (F) show that accumulation of alkyl groups on the 
jS-carbon retards strongly. The most notable effects in the 


(CHj)jCH 

CHCOOR 

✓ 

(CH,)jCH 





CH CHCOOR 

' K 

(.F) 


ester hydrolysis are the retardation produced by substitution of 
alkyl for hydrogen in either alcohol or acid component, the low 
rate of reaction of benzoic esters, and the acceleration produced 
by electron-attracting substituents. 

The addition of the Grignard reagent to esters is affected by 
the structure of the ester in a way which strikingly parallels 
that observed in the ester hydrolysis. The rate is several orders 
of magnitude smaller for i-butyl benzoate than for methyl 
benzoate with the ethyl and i-propyl esters in order, relatively 
low for benzoate as compared with acetate, and very low for 
trimethyl acetate and for ortho-substituted benzoates.*^® 

In the acid-catalyzed esterification of carboxylic acids, the 
relative rates are as follows:^® for the HCl-catalyzed reaction of 
RCOOH in ethanol at 14.5^^ with E = CHs, 1; C 2 H 6 , 0.83; 
i-CsHy, 0.54; t-CiE,, 0.025; CeHsCHa, 0.66; (C6H5)2CE, 0.0153; 
(C 6 H 5 ) 3 C, neghgible; CICH 2 , 0.66; CI 2 CH, 0.0175; ClsC, 0.0101; 
BrCH 2 , 0.54; BraCH, 0,0139; BrsC, 0.0037; (CH 8 ) 2 CBr, 0.037; 

V. Braun and Fischer, Ber., 66B, 101 (1933). 

Vavon, Barrier, and Thiebaut, BvU. soc. chim, [5], 1, 806 (1934). 

^®.SuDBOROUGH and Lloyd, J. Chem. Soc., 76, 467 (1899). Sudborough 
and Turner, iMd ., 101, 237 (1912), Hinshelwood and Legard, ihia ., 
1688 (1935). 
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CH 3 CBr 2 , 0.0066. Similar experiments in methanol 3 rielded 
parallel results and the additional information that the relative 
rates of esterification of phenylacetic and benzoic acid are as 
1:0.0053. Accumulation of alkyl on the jS-carbon retards this 
reaction^'^ as it does the alkaline hydrolysis. 

The equilibrium constant of the esterification is only slightly 
affected by the structure of the acid or the alcohoL^^ Structural 
changes that alter the rate of reaction by several orders of magni- 
tude shift the equilibrium constant by only a few per cent, and 
the largest change in the latter constant on record is the 60 per 
cent difference between acetic and formic acids.^® 

The effect of a substituent on the rate of the acid-catalyzed 
hydrolysis must, therefore, be nearly identical with its effect on 
the rate of esterification. Some pertinent data follow.*^® For 
the hydrolysis of CH3COOR in water at 25° with R = CH3, 1 ; 
C2H5, 0.97; i-CsH?, 0.53; ^C4H9, 1.15; n-CsHr, 1.00; CH2===CH, 
1.20; CeHs, 0.69; C6H6CH2, 0.96; HOCH2CH2, 0.70; CH3CH= 
CH, 0.70. For the hydrolysis of RCOOCHs in water at 25°, H, 
21.3; CHs, 1.00; CH3OOC, 1.71; HOOC, 0.85; CH3OOCCH2CH2, 
0.35; CH3CO, 1.20; CHsCOCHa, 0.157; CH3COCH2CH2, 
0.23. For the hydrolysis of RCOOC2H5 in 60 per cent by 
volume ethanol at 60°, CH3, 1; CICH2, 0.911; CI2CH, 0.397; 
ClsC, 0.1120; CeHs, 0.00577. 

The small effect produced by changes in the structure of 
the alcohol component is in notable contrast to the large one 
observed in the alkaline hydrolysis. With respect to the struc- 
ture of the acid component the two reactions differ in a way 
that suggests the following interpretation, which is also con- 
sistent with the effect of substituents in the benzene ring on 
the same reactions. In the alkaline hydrolysis the electron 
displacement effect is large (p = 2.498), with ortho or a sub- 
stituents the proximity effect modifies it to a relatively small 
degree; in the acid-catalyzed reactioixs the electron displacement 
effect is small (p = —0.467), but the proximity effect is very 
large. 

^ (a) Mbnschxttken, Ann,, 196 , 334; 197 , 193 (1879). (&) Lichty, Am. 

Chem. J., 18 , 690 (1896). (c) Kistia-KOWSKI, Z. physik. Chem., 27 , 250 

(1898). (d) Branch and McKittrick, Am, Chem. Soc., 46 , 321 (1923). 

^ Timm and Hinshelwood, /. Chem. Soc., 862 (1938). 
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In the reactions of acid chlorides the relative rates of the 
alcoholysis of RCOCl in 60 per cent ether 40 per cent ethanol 
at 25° are^i for R - CH3, 1; CICH2, 20.2; CI2CH and CI3C, over 
30; CbHb, 0.005. The relative rates of reaction of RCOCl with 
jS-chlorethanol in dioxane at 25° are^® for R = CH3, 1; C2H6, 
0.784; i-CzH.7, 0.74; 0.109; n-CsHr, 0.96; i-C4H9, 0.88; 

CH3OCH2, 0.446; CICH2, 1.48; CUCH, 4.46; CI3C, 33; CH2CICH2, 
0.285. 

The Effect of the Solvent upon Reactivity. — The effect of the 
medium in which a reaction occurs upon its rate and equilibrium 
may be as profound as that of a change in the structure of the 
reactant. Some generalizations of limited range are possible. 
Reactions involving ions require a medium of reasonably high 
polarity (page 130). The solvent is a reactant in the ionization 
of acids or bases and affects the reaction both for this reason 
and because a change in solvent implies a change in medium. 
The relative extent of the ionization of two acids depends, how- 
ever, only on the medium effect and appears to be primarily a 
function of the dielectric constant (page 81). The attempt is 
often made to relate the rate or equilibrium of other reactions to 
the dielectric constant of the medium, but the apparent agree- 
ment sometimes found depends upon a limited choice of solvents. 
Thus the relative rates of reaction of pyridine and ethyl iodide 

C 5 H 5 N + C 2 H 6 I [C5H5NC2H5]+ + !“ (V) 

in various solvents®® are given in Table VII along with the 
dielectric constant of the solvent. 

The rates in the alcohol solvents lie in the order of the dielectric 
constants as do many others of their properties, but nitrobenzene 
and acetone fall out of line completely. Indeed the dielectric- 
constant hypothesis may be in even more serious difficulty 
than these data indicate. Apparently,®^ reactions of this type 
have as their rate-determining step in nonpolar solvents the 
crystallization of the salt rather than the formation of the ions. 
The rate of the latter process may, therefore, be considerably 
greater than the over-all rate of reaction given in the table. 

79LBIIMU, Ber,, 70B, 1040 (1937). 

Norris and Prentiss, Am. Chem. Soc.^ 50, 3042 (1928). 

81 Edwards, Tram. Faraday Soc.^ 33, 1294 (1937). 
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The effect of water upon reactions in alcohol medium is gener- 
ally that predicted from the increase in dielectric constant which 
it produces, the effect of other solvents is not (page 168). 

Table VII. — ^Thb Solvent Effect in the Pybidinb Ethyl Iodide 

Reaction 


Solvent 

Relative 

rate 

Dielectric 
constant (20°) 

Nitrobenzene 

25.0 

35.8 

Acetone 

12.8 

19.6 

Methanol 

2.50 

32.4 

Ethanol 

1.40 

25.0 

72r-Propyl alcohol 

1.11 

20.81 

Tz-Butyl alcohol 

1.11 

^-Propyl alcohol 

1.07 

18.62 

Benzene 

1. 

2.28 

^-Butyl alcohol 

0.93 

3.76 



Relationships between Closely Similar Reactions. — Compli- 
cated, even confusing as the effects of structure on reactivity 
seem, they nevertheless permit two important generalizations. 
(1) Similar changes in structure have similar effects upon related 
reactions, and the similarity of effect increases with the resem- 
blance of the reactions. (2) This requirement is less rigid when 
the changes in structure occur at a point in the molecule widely 
separated from the reacting group. The qualitative similarity 
of effect goes over to the quantitative linear free-energy relation- 
ship when the distance between substituent and reacting group 
is large and other requirements, present in benzene derivatives 
and probably due to their rigidity of structure, are satisfied. 
The quantitative relationship may also appear without these 
limitations when the reactions compared are very much alike 
The typical case of a relationship of this sort and the prototype 
of all linear free-energy relationships is the Br0nsted catalysis law. 

General Acid and Base Catalysis : The Nitrainide Reaction. — 
In its earliest days, the ionic theory set up the hypothesis that 
the rate of an acid- or base-catalyzed reaction is proportional to 
the concentration of hydrogen or of hydroxyl ion, respectively. 

HxrcvHBS, Tmna, Faraday Soc,, 34, 196 (1938). 
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Except for minor complications due to salt effect, which are not, 
however, very important in most reactions of this sort, the 
hypothesis is satisfactorily verified by many reactions, notably in 
the sucrose inversion and in the diazoacetic ester decomposition. 
The decomposition of nitramide shows, however, strikingly 
different properties,®^ The reaction 

H2N2O2 H2O -H N2O (VI) 

is catalyzed to a very minor extent by acids®^ but so strongly 
by bases that the decomposition is practically instantaneous at 
sodium hydroxide or even at carbonate alkalinities. The rate 
is proportional to the concentration of nitramide, so that the 
first-order constant or specific rate 

_ 1 ,j2, 

* IHiNAl dl ' ' 

is an exact measure of the catalytic effect. 

The rate is erratic and unreproducible in water but becomes 
steady and nearly independent of the acid concentration when 
small amounts of strong acid are added. The average value of 
fc in solutions of HCl varying from 0.001 to 0 . 1 m is 0.63 X 10“® 
sec.^^. This quantity measures an ^^uncatalyzed^^ reaction or 
more properly one catalyzed by the solvent water. In acetate 
buffer solutions an entirely new phenomenon, a catalysis by 
acetate ion, appears, as the data of Table VIII demonstrate. 


Table VIII. — Nitramide Catalysis in Acetate Buffers®® 


Experi- 

ment 

NaC2H302 

HC 2 H 3 O 2 


lO®* 

lO^kc 

1 

0.00407 

0.0162 

0.02 

4.10 

8.38 

2 I 

0.00679 

0.0135 

0.02 

6.37 

8,40 

3 

0.00679 

0.0135 

0.1 

6.37 

8.39 

4 


0.0101 

0.02 

9.18 

8.38 

6 


0.0067 

0.02 

12.10 

8.43 

1 


The solutions contained the stoichiometric concentrations of 
sodium acetate and acetic acid listed, together with enough 


Bb0nstbd and Pedersen, Z. physik. Ch&m,, 108, 186 (1924). 
Marlees and LaMer, Am. Chem, Soc.j 67, 1812 (1936). 
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sodium chloride to bring the ionic strength /z to the value shown. 
It is obvious that there is a pronounced increase in rate over that 
of the water reaction, that the increase is not produced by the 
acetic acid, and that it is not a salt effect. The catalytic con- 
stant kc, given by 

k = 0.63 X 10“^ + (13) 

is satisfactorily constant, which implies that the rate in these 
solutions is the sum of that of the water reaction plus that of 
an acetate ion catalyzed reaction the rate of which is propor- 
tional to the concentration of the acetate ion. h is, therefore, 
a second-order constant for the reaction of nitramide with 
acetate ion. 


Table IX. — ^Nitramide Catalysis m Benzoate Btjffebs 


Experiment 

CeHeCOsNa 

CeHfiCOsH 

10«ife 

I0%a 

T 

0.0225 

0.0125 

7.76 

3.16 

2 

0.0167 

0.00830 

5.92 

3.17 

3 

0.01125 

0.00625 

4.30 

3.26 

4 

0.00750 

0.00375 

2.90 

3.01 


An even more characteristic effect appears in some experiments 
run in benzoate buffers and listed in Table IX. In these the ratio 
[C6H5C00H]/[C6H5C00“] is practically constant (0.50 to 0.56). 
By the law of equilibrium [C 6 H 6 COOi[OH 3 +]/[C 6 H 5 COOH] - K 
the concentration of oxonium ion must be constant within the 
same precision except for the small salt effect. By the relation 
[OHs+][OH”] = Kvy the hydroxyl-ion concentration must be con- 
stant also. The catalytic effect is, therefore, due neither to 
^‘hydrogen” nor to hydroxyl ion; the constancy of fee, defined as 
in equation (13), shows that benzoate ion is the catalyst. 

Further investigation has shown that the anions of many 
other acids have the same property, the catalytic constant being 
smaller, the stronger the acid, i.e.j the weaker the aflSjiity of the 
ion for protons- A similar situation appears^^ when buffers of 
the nature of aniline-aniline hydrochloride are used; aniline is a 
catalyst, anilinium ion is not. 

“ Br0nstej> and Duns, Z , physik , Chem ,, 117, 299 (1925). 
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Since the only property that hydroxyl ion, water, acetate ion, 
and aniline have in common is an affinity for protons and since 
all substances possessing this affinity are catalysts, the proton 
affinity is most probably responsible for the catalytic effect. In 
fact, it was as a result of the discovery of this phenomenon that 
the proposal was first made that the name base be generalized to 
include all substances with a proton affinity (page 48), A 
catalysis of the type found in the nitramide reaction is called a 
general base catalysis^ i.e., a catalysis by all bases and not merely 
by hydroxyl ion alone. The complete expression for the rate of 
the nitramide decomposition is, therefore, 

- - = 5fci[Bd[H2N202] (14) 

or 

i 

k = (15) 

with Bi any base and h the corresponding catalytic constant. 
The summation is taken over all the bases present including the 
solvent. 

A General Acid Catalysis : Hydrolysis of Ethyl Orthoacetate. — 
In this reaction®® 


CH3C(0C2H6)8 + H2O CHsCOOCaHfi + 2C2H5OH (VI I) 
Table X. — Catalysis in the Hydrolysis or Ethyl Orthoacetate 


Concentration 

Katio 

[A]/[B] 

lO^Jfc 

Sodium salt, B 

m-Nitrophenol, A 

0.0202 

0.0202 

1.00 

1.44 

0.0160 

0.0160 

1.00 

1.35 

0.00566 

0.00566 

1.00 

1.20 

0.00242 

0.00242 

1.00 

1.21 

0.0135 

0.0183 

1.36 

1.77 

0.00756 

1 0.01025 

1.36 

1.61 

0.00284 

0.00384 

1.36 

1.54 

0.0145 

0.0309 

2.13 

2.84 

0.00483 

0.0103 

2.13 

2.47 

0.00145 

0.0031 

2.13 

2.37 


** BR0NSTED and Wynne-Jones, Tram, Faraday Soc,. 25, 59 (1929). 
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there is no appreciable catalysis by bases, the rate having the 
same small value 1 X 10“® in 0.5n and O.In sodium hydroxide. 
The data of Table X show the specific rates observed at 20® in 
buffer solutions of m-nitrophenol and its sodium salt together 
with enough sodium chloride to maintain an ionic strength of 0.05. 

Even when the ratio nitrophenol over nitrophenolate ion and, 
hence, the oxonium-ion concentration is constant, the rate 



Fig. VII-5. — N ariation of specific rate of hydrolysis of ethyl orthoacetate with 
acid concentration in m-nitrophe’nolate buffers.®* 

decreases with decreasing acid concentration. As Fig. 6 shows, 
the specific rate at any given oxonium-ion concentration varies 
linearly with the concentration of the catalyzing acid; however, 
the intercept at zero acid concentration is not zero but has a 
value that is proportional to the concentration of oxonium ion. 
These results require an expression of the form 

+ fcH[OH3+] + fca[N02C6H40H] (16) 

or more generally 


h = 


(17) 
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hu, the spontaneous or water-catalyzed rate is in fact negligible; 
ha the catalytic constant for m-nitrophenol is given by the slope 
of the lines in Fig. 5 and has a value of 0.0017 ; the catalytic 
constant for oxonium ion is given by the ratio of the intercept 
of each line to the corresponding oxonium concentration and is 
found to be 1.09 ± 0.02 times the ionization constant of m-nitro- 
phenol. In the general formula Ai is any acid, including water 
and oxonium ion, and fc is the corresponding catalytic constant. 

The experimental investigation of the orthoacetate catalysis 
is more difficult than that of the nitramide reaction because it 
is not possible to find buffers in which catalysis due to the oxon- 
ium ion is negligible, as is that of hydroxyl ion in acetate buffers 
in the nitramide case. The hydrolysis of ethyl orthopropionate 
and that of ethyl orthocarbonate show a general acid catalysis of 
the same sort as that of the orthoacetate. 

A Specific Oxonium-ion Catalysis. — The hydrolysis of ethyl 
orthoformate shows a rate which, except for a pronounced salt 
effect, is determined solely by the concentration of oxonium ion.^® 


Table XI. — Catalysis in the Hydrolysis of Ethyl Orthoformate 88 


Concentration 

[A]/[B] 

10% 

104;c[B]/[A] 

Sodium caco- 
dylate [B] 

Cacodylic 
acid [A] 

0.025 

0.0242 

0.938 

5.11 

5.45 

0.0129 

0.0121 

0-938 

5.11 

5.45 

0.00646 

0.00605 

0.938 

5.15 

5.49 

0.0336 

* 0.0164 

0.488 

2.57 

5.27 

0.0168 

0.0082 

0.488 

2.67 

5.27 

0.0400 

0.0100 

0.250 

1.34 

5.36 

0.0040 

0.0010. 

0.250 

1.42 

5.68 


Table XI presents data in cacodylic acid-sodium cacodylate 
buffers at 20° and an ionic strength of 0.05. A fourfold increase 
in the concentration of cacodylic acid produces no measurable 
change in rate provided the concentration of sodium cacodylate 
is increased in the same proportion so that the oxonium-ion 
concentration remains constant. When the oxonium-ion con- 
centration is altered by ^ change in the buffer ratio, the rate 
changes proportionally as the constancy of the ratio in the last 
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column of the table demonstrates. This is equal to the ratio of 
rate to oxonium-ion concentration multiplied by the ionization 
constant of cacodylic acid. 

The rate law for this reaction is, therefore, 

_ ^ A[ester][OH,+] (18) 

and the only effective catalyst is oxonium ion. Such a reaction 
is said to be subject to a specific oxonium-ion catalysis in contrast 
to the general acid catalysis of the orthoacetate reaction. The 
criterion of distinction between a specific ozoniumrion catalysis 
and a general acid catalysis is the behavior of the rate when the 
concentration of both components of a buffer solution is increased 
in the same proportion and at constant ionic strength. If the rate 
remains unchanged, the catalysis is of the specific oxonium-ion 
type; if it increases, it is of the general acid type. An obvious 
criterion of the same sort distinguishes specific hydroxyl-ion 
catalysis from general base catalysis. The hydrolysis of acetal, 
CH 8 CH( 0 C 2 H 6 ) 2 , is likewise subject to specific oxonium-ion 
catalysis. 

Both General Acid and General Base Catalysis : The Mutaro- 
tation of Glucose. — This reversible reaction, the sum of whose 
constants for forward and reverse reaction may be determined by 
the method of page 103 from optical rotation or dilatometer 
measurements, is catalyzed both by acids and by bases. Meas- 
urements at 18° in water, slightly acid from the carbon dioxide 
impurity, and in solutions of strong acids varying from 10”® to 
0.04m in the presence and in the absence of added salt up to 
0.2m satisfy the equation 

h = 0.000088 + 0.00242[OH3+] (19) 

The &rst term on the right represents the catalysis by water, 
the second that by oxonium ion. The latter becomes negligible 
when [OHs"^] < lO”"*. A similar determination of the catalytic 
constant of hydroxyl ion is impossible because the rates are 
too rapid for measurement in sodium hydroxide solutions, but 
an upper limit of 100 may be set from measurements of the rate 

Br0nstbd and Guggenheim, J, Am, Chem, Soc,, 49, 2554 (1927). 
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in ammonia buffers. Consequently, hydroxyl-ion catalysis 
becomes negligible when the hydroxyl-ion concentration is less 
than lO”^, i.6., when the pH is less than 6. 

If, therefore, a buffer solution the pH of which lies in the range 
from 4 to 6 shows a rate greater than that of the water reaction, 
the effect must be due to catalysis either by the acid or the base 
of the buffer or by both. The experimental data show that both 
acetic acid and acetate ion have a pronounced catalyiiic effect 
in an acetate buffer and satisfy the equation 

h = 0.000088 + 0.000040[HA] + 0.00044[A-"] (20) 

The halogenation of ketones also shows both general acid and 
general base catalysis.^ 

The BrjJnsted Catalysis Law. — ^This is a linear free-energy rela- 
tionship involving the catalyijic constants of a series of acids or 
bases and the equilibrium constants that measure the acid or base 
strength of the catalysts. In the catalysis of nitramide by the 
ions of carboxylic acids, these basicity constants Ki are the 
equilibrium constants of the reactions 

RCOO- 4- OHz+:;± RCOOH + H 2 O (VIII) 

and are, consequently, the reciprocals of the ionization constants 
of the acids RCOOH. In Fig. 6 the logarithms of the catalytic 
constants kc for the nitramide reaction are plotted against the 
basicity constants of the catalysts. The open circles which 
refer to carboxylate ions lie on the best straight line shown with 
a median deviation of 0.018, which corresponds to a probable 
error in fcc of 4 per cent. The experimental data are probably no 
more accurate than this. 

Bases conjugate to dibasic acids, such as acid succinate ion, 
would deviate from this line considerably if a statistical correc- 
tion were not made. This may be derived from the principle 
that Kb is not in this case a correct measure of the proton affimity 
of the base, because the base may be formed from the acid 
(succinic acid) in two equivalent ways, viz.j by the ionization 
of the proton from the one or from the other carboxyl group. 

® Dawson and Cabter, /. Chem . Soc .^ 2282 ( 1926 ). Dawson, Hall, 
and Key, ibid ., 2844 ( 1928 ). Dawson, Haskins, and Smith, ibid ,, 1884 
( 1929 ). 
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The ion has, therefore, twice as good a chance of being formed 
as corresponds to the work needed to remove the proton, and the 
correct measure of the work is, therefore, not Ka but }4Ka- By 
the same token, the measure of the basicity of the ion is not 
Ki but 2K},. The ringed circles in Fig. 6 refer to bases of this 
type and are plotted with the quantity 2Kb as the abscissa. The 
median deviation from the line of the points thus plotted is only 



!Pig. VII-G. — Comparison of catalytic constants ke ’with basicity constants Kb 
in the nitramide catalysis. O carboxylate ions derived from monobasic acids; 
® singly charged carboxylate ions derived from dibasic acids; © nuclear sub- 
stituted anilines; 3 other amine bases. 

0.012; if the statistical correction had not been made, they would 
lie 0.3 unit to the left of the line. 

When the catalyst is an amine, the measure of basicity Kb is 
the equilibrium constant of the equation 

RNH 2 + 0H3+:;=± RNH8+ + H 2 O (IX) 

which is easily shown (page 255) to be equal to the ionization 
constant of the base divided by the ion product constant of 
water. The crossed circles in Fig. 6 refer to aniline, the three 
toluidines, and the three chloranilines. These also lie on a 
straight line with a median deviation of 0,026, but it is a different 
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line from that determined by the carboxylate ions and has a 
slope of 0.72 instead of 0.82, 

Data for bases of other types, such as doubly negative car- 
boxylate ions and positively charged hydroxometallic ions, lie 
on still other lines. 

These straight lines, the equations of which are of the form 
log he = X log Kb + C) 

or > (21) 

kc = GKl ) 

are obviously linear free-energy relationships, but for the follow- 
ing reason they involve the rate and the equilibrium of the same 
series of reactions rather than the constants for different reac- 
tions. The catalyiiic reactions must involve some such sequence 
as 


H2N2O2 + B -H- HN2O2- + BH+ 

(X) 

HN2O2- N2O -{- OH- 

(XI) 

OH"-l-BH+^B + H2O 

(XII) 


with the jSbrst step rate deterixiining. The catalytic constant is, 
therefore, the rate constant of the proton transfer (X). The 
basicity constants for a series of bases B must, however, be pro- 
portional to the equilibrium constants for the same series of 
reactions [(X)], the proportionality constant being the equilib- 
rium constant of the reaction 

OHa+ + HNaOj-^ H2O + H2N2O2 (XIII) 

The proportionality constant may be absorbed into the C otO 
of equation (21), converting this into a relation between the rate 
constants and the equilibrium constants of reaction (X). 

The Range of Permissible Change in Structure. — ^With this 
close similarity in the series of constants involved in the linear 
relationship, a much wider latitude in the structural variations 
is permissible. Ortho-substituted anilines lie on the same line 
as meta and para derivatives, and benzoate and acetate ions 
and their derivatives conform to a single relationship. There 
are however limits; the structural changq must not extend to a 
complete alteration in the nature of the reacting group in the 
catalyst. The carboxylate ions do not lie on the same line as 
the aniline derivatives, but the difference does not seem to be the 
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result of the difference in electrical charge. Thus pyridine, 
quinoline, and dimethylaniline, all electrically uncharged bases, 
fail to conform to the line established by aniline derivatives,^^ 
as the shaded circles in Fig. 6 show, and no reasonable statistical 
correction brings them into line. It appears, therefore, that 
the conversion of a primary to a tertiary amine is not a 
permissible variation in the structure of the catalyst if the 
linear relation is to hold.®® On the other hand, bases of the 
types CH3COO-, +H3NCH2COO-, -OOCCHNH3+CH2COO-, 
+H3N (CH2) 4CHNH8"*'C00‘~ in which the charge varies from — 1 to 
+1, but in which the reacting group (the COO"") is constant, show 
no systematic effect of charge.®® Furthermore, the failure of any 
parallelism to appear between the rate and the equilibrium of the 
ionization of nitromethane derivatives (page 209) shows how 
fatal a structural change in the immediate neighborhood of the 
reacting group is to even a qualitative relation between rate 
and equilibrium. The nitromethane case is, in fact, a close 
analogue of the primary-tertiary amine discrepancy in the nitra- 
mide catalysis. 

The change from a carboxylate anion to such inorganic ions 
as acid phosphate or sulfate seems to be permissible. This is not 
inconsistent with the structures ((?) and (H) 


PR - 

“*6 O'" 


“ N. / • 

L -d J 

s 


«6 O' 

m 

‘ (H) ' 


for the atom to which the proton becomes attached is oxygen in 
each case, and the nature of the rest of the molecule in the 
immediate vicinity is not too different. A statistical factor 
is, of course, necessary in view of the two oxygens in the one 
case and the four in the other. On the other hand, the agreement 
of points for water and oxonium ion, which appears in some 
but not in all cases, can hardly be the result of anyiihing but 
coincidence. 

This conclusion is supported by unpublished data reported by Pflugar 
at the Baltimore meeting of the American Chemical Society, April, 1939. 

90 Westheimbk, /. Org, Chem,^ 2, 431 (1937). 
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A comparison of the rate constants of two base-catalyzed 
reactions permits an even wider range of variation in the struc- 
ture of the catalyst than does the comparison of the rate and 
equilibrium constants for a single reaction series. When the 


Table XII. — Data on the Br0nsted Catalytic Law 


Reaction 

Catalyst type 
and number 

R 


X 

Nitramide, H 2 O, 

RCOO- 11 

0.016 

-5.964 

0.822 

Nitramide, H 2 O, 15® 

XCeHsNHa, 7 

0.025 

-5.418 

0.718 

Nitrfl.nm’HAj rtr^sol, 20°®^ 

RCOO- 12 
XCeHsNHs, 7 
RCOO- 13 

0.07 


0.78 

Nif.Tfl.miHft, rirptsol, 20®®* 

0.06 


0.84 

Glucose mutarotation H 2 O, 18®®^ 

0.051 

-5.054 

0.359 

Glucose mutarotation H 2 O, 18®*^ 

RCOOH, 8 

0.040 

-3.120 

0.269 

Acetone iodination H 2 O, 25®® 

RCOOH, 7 

0.046 

-4.467 

0.622 

Acetone iodination H 2 O, 25®® 

RCOO- 3 
RCOOH, 4 


-3.93 

0.83 

(C2H60)2PH0 + I 2 , Hab, 20®®3 


-7.52 

0.99 

Acetacetic ester -f Br 2 , H 2 O, 25®®^ 

RCOO- 3 


-3.16 

0.60 

Bromacetacetic ester -hBr 2 , H 20 , 25®®^ 

RCOO- 3 


-1.19 

0.65 

Diazoacetate ion decomp. H 2 O, 25®®®. 
Nitromethane ionization H 2 O, 20®®® , . 

various, 7 
RCOO- 3 


-7.50 

0.83 

0.67 

Nitromethane ion -f- HA, H 2 O, 
0.05®«‘‘<‘ 

RCOOH, 5 


4-2.16 

-0,76 

0.37 

Nitroethane ion + HA, H 2 O, 0.05®. . . 

RCOOH, 5 


0.37 

Dihydroxyacetone depolymerization, 
H 2 O, 25®®7 

RCOO- 7 

0.069 

-5.792 

0.777 

Dihydroxyacetone depolymerization, 
HjO, 25°" 

RCOOH, 4 

0.043 

-1,570 

0.565 


logarithms of the catalytic constants for the base-catalyzed 
glucose mutarotation are plotted against those for the nitramide 
reaction, a single straight line suffices for data on a variety of 
catalysts that require several lines for the expression of the 
Br0nsted law.®^ 

Ppluger, J. Am. Chem., 60, 1613 (1938). 

Bb0nstbd, Nicholson, and Delbanco, Z . physik. Chem., A169, 379 
(1934). 

Ntlbn, Dis., Upsala, 1938. 

Pedersen, Dis., Copenhagen, 1932; J. Phys. Chem., 38, 601; 999 (1934). 

Kino and Bollinger, /. Am. Chem. Soc., 68, 1533 (1936). 

Pedersen, Kgl. Danske Videnskab. SeUkab^ Math.-^ys. Medd.^ 12, No. 
1 (1932). 

^ Bell and Baughan, /, Chem. Soc.j 1947 (1937). 
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Data on Catalytic Reactions. — Table XII lists the available 
data on the application of the Br0nsted law. The quantities C 
and X are those of equation (21), and r, the probable error, 
measures the precision with which the law applies. 



Fig. VII-7. — Comparison of specific rates and oxidation potentials in the rednc- 
* tion of quinones.^®’®® 



Fig. VII-8. — Comparison of specific rates k in the trimethylamine-ester reaction 
and acid strengths K, (Rate constants in terms of hours.) 

Linear Free-energy Relationships in Redox Reactions. — Rela- 
tionships involving the rate and equilibrium of the same series 
of reactions have been observed in the air oxidation of a series of 
leuco dyes,^* in the reduction by a single reducing agent of a 
•^Barkon, J, Biol. Chem.j 97, 287 (1932). 
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series of quinones,®^ and in the oxidation by a single oxidizing 
agent of a series of hydroquinones.®® Since the standard free 
energy A(?° of a redox reaction is related to its molar oxidation 
potential E by the equation 

AG^ = -nPE (22) 

the linear relationship between ACr® and —RT In ft is equivalent 
to one between E and log ft. A plot of these quantities for the 
reaction of a series of quinones with the reductant dihydrolutidine 
dicarboxylic ester is shown in Fig. 7. 

The Trimethylamine-ester Reaction. — In this reaction a linear 
relation is found^°® between the rate constants of the series of 
reactions 


RCOOCH 3 + N(CH 8)8 RCOO- + N(CH8)4+ (XIV) 

and the ionization constants of the acids RCOOH, which are the 
equilibrium constants of a related series of reactions in which a 
proton is transferred from the acid to a base, instead of a methyl 
ion from the ester to a base. The data are plotted in Fig. 8 
and satisfy the equation 

log ft = -1.81 + 0.81 log K (23) 

with a median deviation of 0.07. In accordance with the close 
resemblance of the reactions the constants of which are compared, 
the relationship is satisfied with aliphatic as weU as with aromatic 
esters and with ortho-substituted benzoic esters as well as with 
the meta and para derivatives. 

Dimeoth, Z. angew, Chem.j 46, 571 (1933). 

Hammett and Peluger, /. Am. Chem. Soc., 66 , 4079 (1933). 



CHAPTER VIII 

ENOLIZATION AND RELATED REACTIONS 


The Base-induced Ketone Halogenation. — The way in which 
acids or bases affect the rate of a reaction is frequently a most 
useful symptom of the reaction mechanism. Thus the fact 
that bases in general, rather than hydroxyl ion alone, accelerate 
the iodination of acetone (page 226) furnishes further verification 
of the mechanism discussed in Chap. IV. If the rate-determining 
step in the halogenation, the racemization and the deuterium 
exchange under the influence of a base, is the proton transfer 



then any base, z.e., any substance with a proton aflSnity, should 
be effective, more or less according to its basicity. The reaction 
should, therefore, exhibit the same dependence upon the nature 
and concentration of the bases present that appears in general 
base catalysis. With this final verification the mechanism 
reaches a remarkable degree of validity. 

The only objection that has been suggested arises from the 
mistaken feeling that the simple proton transfer should be too 
rapid a reaction to be rate determining in the halogenation and 
the other reactions. Back of this feeling is the common knowl- 
edge that the ordinary neutralization and hydrolysis reactions of 
relatively strong acids and bases in aqueous solution are too 
fast for measurement and, perhaps, the long disproven dogma of 
the early theory of ionization that all ionic reactions are “instan- 
taneous.^’ The protolytic reaction of equation (I) is, however, 
the reaction of an extremely weak acid, the ketone, furthermore, 
an acid in which the proton is linked to carbon. The extension 
to this case of conclusions based on the behavior of much stronger 
acids in which the proton is attached to oxygen is a decidedly 

229 
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dangerous extrapolation. Indeed, reactions involving a proton 
linked to carbon of the type 


C6H5C6H4 


(C6H5)2 


c* 


-f- (CeH6)3CH 


C6H6C6H4 

"cH +[(C6H5)3C*r (II) 

(C6H5)2 " 


have been found^ to have half times of hours or days at room 
temperature in ether solution. It is‘ an interesting fact that 
the proton transfer is much slower than the reaction of the car- 
banion with carbon dioxide 


[(C 6 H 5 ) 3 C «]- + CO2 ^ [(CeH 5)30002]- (III) 

The high rate of the latter reaction makes possible the determina- 
tion of the equilibrium of reactions of the type of (II) by the 
addition of carbon dioxide and the analysis of the resulting mix- 
ture of acids. The results of this method are consistent with 
those of others. 

On Catalysis and Acceleration. — Strictly speaking, the halo- 
genation of a ketone is not catcAyzed by bases and is not, there- 
fore, subject to general basic catalysis,' because the strict definition 
of a catalyst is a substance that accelerates a reaction with- 
out entering into the final reaction products. But reaction (I) 
followed by 

[H 3 C " CO “ CH 2 ]— “h Bra — ^ HsC- CO - CHaBr -}- Br^ (IV) 

converts the catalyzing base to its conjugate acid. In the older 
formulation of these reactions it was said that the halogenation 
produces hydrogen bromide, which neutralizes the catalyst as a 
secondary effect, but this puts the cart before the horse. 

In the racemization, however, the base is regenerated,’ for the 
reaction depends upon the conversion of the ion formed from 
dextrorotatory ketone to levorotatory ketone. The formation 
of the ion converts one mole of base to its conjugate acid, the 
reversion to ketone regenerates the base. For the same reason 
the deuterium exchange is a catalysis in the strict definition. 

The distinction between a catalysis and the kind of accelera- 
tion produced by bases in the halogenation reaction is obviously 

1 CoNTANT and Wheland, /. Am, Chem. Soc., 64, 1212 (1932), See also 
Lewis and Seabobg, ibid,j 61, 1886; 1894 (1939). 
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a formal one, lacking in any fundamental significance. A cataly- 
sis depends upon the accident that reactions subsequent to the 
rate-determining step regenerate one of the reactants involved in 
that step. 

On Enolization and Ionization. — It has been customary to say 
that the rate-determining step of the halogenation is the enofea- 
tion of the ketone. The terminology dates to the period when 
the ionization of a ketone was supposed to take place by way of 
an internal rearrangement of the nonacidic keto form to the 
acidic enol followed by the ionization of the enol. This mecha- 
nism is, however, absolutely inconsistent with the fact that the 
halogenation is accelerated by bases, unless one prefers the vague 
hypothesis that the mere presence of a base in the circumambient 
medium influences the rate of an internal shift of the proton over 
the simple and altogether satisfactory principle that the second- 
order kinetics implies a reaction of ketone with base as the rate- 
determining step. 

The rate-determining step in the base-induced reactions is, 
therefore, the ionization of the ketone. In the light of the 
resonance picture it is no longer necessary to suppose that two 
forms of ion, a keto and an enol, must exist, the rearrangement of 
which, the one into the other, is part of the over-all reaction. 
Rather the incipient electron shift to form the electronic con- 
figuration present in the ion, which is. a resonance hybrid of the 
keto and enol forms, must be taken as the source of a large part 
of the driving force of the ionization. 

There is no reason to suppose that the formation of an elec- 
trically neutral enol form represents anything more than an 
unimportant by-path into which a portion of the reacting sub- 
stance may transiently stray. The necessary and sufficient 
condition for the halogenation, the racemization, or the deuter- 
ium exchange is the formation of the ion. 

Acid-catalyzed Enolizations. — ^The formation of the enol is, on 
the other hand, prerequisite for the same reactions under con- 
ditions of acid catalysis. The facts of the situation in this 
case are that the halogenation rate is independent of the con- 
centration of halogen, except at very high acidities the rates of 
chlorination, bromination, and iodination are identical; there 

* ZucKBR and Hammett, J, Am. Chem. Soc,, 61, 2791 (1939). 
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is a general acid catalysis;® the rates of halogenation and of 
racemization are the same within a few per cent.* 

These phenomena can be accounted for by the reasonable 
hypothesis that the enolization takes place in two steps 

O' r 6- Hi*- 

❖ Tcx '' 

R - C + HA R - C + A- (V) 

\ k^i ^ 

CH, L CH, . 

onr OH 

R-C -j-A-^R'C + HA (VI) 

N k-i ❖ 

CH 3 J CH 2 

The first consists in the addition of a proton to the carbonyl 
oxygen. This can in itself lead neither to racemization nor to 
halogenation. It does not affect the asymmetric carbon in the 
former case; the ion may be expected to be less accessible to 
halogenation than the unreacted ketone. But the ionization 
must to a marked degree facilitate the removal of the proton 
from the a-carbon, both because of the positive charge on the 
ion and because of the altered electronic distribution which 
accompanies the ionization. The addition of the proton must 
displace the electronic system toward the proton and, therefore, 
away from the a-carbon; the resulting decrease in electron den- 
sity in the neighborhood of the C — H link must be favorable to 
the separation of the proton. The essence of this acid catalysis 
and, no doubt, of many others is, therefore, that the addition of a 
proton at one point in the molecule greatly facilitates the removal 
of a proton from another point. 

Once the enol is formed, it may react rapidly with halogen, a 
known reaction of isolable ends. Or in the absence of halogens 
it may revert to the ketone, and since the enol is symmetrical, 
this must lead to racenadzation if the ketone has an asymmetric 
a-carbon atom. 

The Kinetics of the Acid-cataly2ed Enolization. — ^As both enol 
and ion are unstable intermediates, the rate equations may be 

® {a) Ref. 88, Chap. VII. (6) Zuckeb and Hammett, J. Am. Chem. Soc., 
61, 2785 (1939). 

^Ingold and Wilson, J. Chem. Soc., 773 (1934 ). Baetlbtt and 
Staitfpeb, j. Am. Chem. Soc.^ 67, 2580 (1935). 
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written down directly by substitution in the Christiansen equa- 
tions (page 107). The result is relatively simple when only one 
acid and its conjugate base are involved, a situation often realiz- 
able in practice by suitable choice of experimental conditions. 
The steps of the bromination are those of equations (V), (VI), 


0-H O' 

' ■ _ . As 

R-C + • Br- Br' -►R- C Bi" -)- H+ (VII) 

❖ “ - \ ^ 

CH 2 CHa-Br* 


and (VII) with the specific rates indicated. Under the usual 
condition of irreversibility the quantity v- vanishes and v+ is 
given by 


1 _ 1 , , fc_i[A-]fc^2[HA] 

fci[HA][K] ^ fci[HA][K]&2[A-] A;i[HA][K]fc2[Aifc3[Br2] ^ ^ 
To satisfy the experimental condition that the rate be independ- 
ent of the concentration of bromine^ the last term must be 
negligible compared with the others, and this is possible only 
if the ratio ft_ 2 [HA]/fc 3 DBr 2 ], by which it differs from the previous 
term, be very small. This means, of course, that the rate of 
bromination of the enol is very fast compared with that of its 
reversion to the ion. With the omission of the last term equation 
(1) reduces 


fci;fc2[HA][K] 
k—i -j- hz 


and 


— ^ 1^2 

Aj—i -{- hz 


( 2 ) 


The mechanism leads, therefore, to the correct second-order 
dependence of rate upon the product of the concentrations of 
ketone and acid but makes the catalytic constant a function of 
the specific rates of two forward steps and one reverse step. 

There are two limiting conditions of interest. If 

kz fc-i, then he = hi (3) 

equation (V) becomes the rate-determining step of the halogena- 
tion, and the catalytic constant reduces to the specific rate of 
this step. If, on the other hand, 

hz <3C h-i, then he = = Kihz (4) 

with K\ the equilibrium constant of reaction (V). Reaction (VI) 
is rate determining, and the catalytic constant reduces to the 
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product of its specific rate by the equilibrium constant of reaction 
(V). If neither limiting case applies, neither step can be taken 
as rate determining. 

In the general case that more than one acid and base are 
involved, each step becomes the sum of a series of parallel and 
competing reactions, each of the w^s of the Christiansen equations 
must be replaced by a summation, and instead of equation (2) 
the rate equation becomes 


[K] 


3 


— A 


(5) 


This is a function of the concentrations of bases as well as of 
acids, but it reduces to a dependence upon the concentrations of 
the acids alone in either of the limiting cases that correspond to 
those just discussed in connection with equation (2). 

If 

y A 


the denominator of equation (6) reduces to its first term, which 
cancels with the second factor in the numerator, and the equation 
reduces immediately to 

i C7) 


The first step is rate determining, and the rate reduces to the 
sum of terms that give the rate of reaction in this step of each 
of the acid catalysts. 

The reduction is more complicated in the other extreme, viz., 
when 

y * 

( 8 ) 


Equation (5) then reduces to 

i y 


[K] ■ 


jfc 


(9) 
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Each ht.! in the denominator may be replaced by the ratio k\/K\ 

in which K\ is the equilibrium constant of reaction (V). If, 

furthermore, the system HA-A“ has the usual mobility, the 
law of equilibrium gives 

[A*] = (10) 

Each ratio KJKi equals the equilibrium constant K of the 
reaction 

K + 1+ + H 2 O (VIII) 

and is independent of the catalyst. Hence equation (9) reduces 
to 

V _ s;bi[HA]Sfc2[A] 

[K] {2i:/[OH3+]}SA;i[HA] 

from which by cancellation and the use of equation (10) 

i 

( 12 ) 

Again the rate reduces to the sum of terms involving the con- 
centrations of the acids only, but each catalytic constant is now, 
as in the simpler case [equation (4)], the product of the specific 
rate of the rate-determining second step by the equihbrium con- 
stant of the corresponding first step.®^ 

Aside from the case that only one acid and base are involved, 
when equation (2) applies, there is only one other condition that 
permits the rate to depend upon the concentrations of the acids 
only. This requires that for all the bases the ratio have 

the same value, which is not generally true but might be in a 
particular case.®^ 

The Kinetics of the Acid -catalyzed Racemization. — For a sin- 
gle catalyst the reaction steps are 


dK + HA^dl+ + A" 

* hi 

(IX) 

(2I+ + A-^=iE + ha 

h^2 

k-2 

(X) 

E + HA^ZI+ + A- 

hi 

h^l 

(XI) 

?|+ + A-^?K + HA 

hi 

(XII) 
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The S3Tnbols dK, dl+, E, ZI+, and TK refer to dextrorotatory- 
ketone and ion, enol, and levorotatory ion and ketone, respec- 
tively. The rate equations are easily •w'litten down in the 
Christiansen form and because of the equality of the specific rates 
for dextro- and levo-rotatory substances reduce to 

= (13) 

and in terms of the rotation a, to (page 109) 

1 dof Aji/c2[HA] 

” a di " + *2 ^ ^ 

The specific rate of the racemization is, therefore, the same func- 
tion of the rates of the various steps as that of the halogenation. 
If more than one catalyst is present, the right-hand side of 
equation (14) must be replaced by the fraction involving the 
summations that appears in equation (5). 

The Question of the Third-order Reaction. — It is, in principle, 
possible that the enolization might go by way of a simultaneous 
attack of acid and base on the ketone, one adding a proton to the 
oxygen, the other removing one from carbon. Such a reaction 
requires the appearance in the equation for the rate of a term 
involving the product of the concentrations of acid and base, 
A similar term would also arise if the first step in the enolization 
were a reversible hydrogen bonding between ketone and acid, 
followed by a rate-determining reaction of the complex with the 
base. 

O O-.H-Ai 

❖ ❖ 

R-C 4-HAi;=±R-C (XIII) 

\ \ 

CHs CHa 

0-.H“Ai O-H 


R-C + A2-:;=± R- C + HA2 + Ar (XIV) 

CHa CHa 

The available data® on the iodination of acetone in acetate 
buffers satisfy the equation 

k = 1.30 X 10-®[HA1 + 3.3 X 10-®[Ai + 3.5 X 10“®[HA][Ai 

+ 0.006 X 10-® (15) 

® Dawson and Spivbt, J, Chem. Soc,, 2180 (1930). 



ENOLIZATION AND BELATED REACTIONS 


237 


The term involving the product is probably necessary, but this 
is not unambiguously demonstrated because the proof of its 
presence involves small differences between large quantities. 
Furthermore, an equation of this form might be approximated by 
equation (5) without involving the termolecular or hydrogen 
bonding alternatives. 

It seems clear in any case that the reaction cannot go exclu- 
sively or even predominantly by the termolecular mechanism 
of a simultaneous attack of acid and base. ® If this were the case, 
the first term on the right must involve a simultaneous attack 
on the acetone by the base water and by the acetic acid, the 
second term an attack by the acid water and the base acetate 
ion, and the fourth an attack by two molecules of water one 
acting as base the other as acid. The figures show that in case the 
base is water, the reaction goes 220 times faster (1.30/0.006) 
when the acid is acetic acid than when it is water. When the 
base is acetate ion, the rate of reaction with the acetic acid ought 
to be faster than that with the acid water in about the same 
proportion; consequently, the termolecular hypothesis predicts 
a value of 220 X 3.3 X 10“® = 700 X 10""® instead of the 
observed value of 3.5 X 10“® for the coeflBicient of the third term 
of equation (15). 

The Problem of the Rate-determining Step: Evidence from 
the Base Strengths of Ketones. — ^If the enolization goes in two 
steps, one must be faster than the other and, therefore, rate 
determining. There is, incidentally, an apparent but not a 
real paradox in the fact that the rate-determining step of an 
acid-catalyzed reaction may be a process in which a base is con- 
verted to an acid [reaction (VI)]. The situation arises because 
the rate-determining step is preceded by an equilibrium in which 
an acid is converted to a base. 

Evidence that reaction (VI) rather than (V) is rate determining 
may be derived from the following considerations. Reaction 
(V) is simply a proton transfer to a base, the ketone, from the 
catalyzing acid. In the base-catalyzed halogenation or racemiza- 
tion the rate-determining step is a similar proton transfer 
[reaction (I)]. But it is purely an accident that the proton 
transfer is followed by other reactions which make the base the 

® Pedbrskn, Dis., Copenhagen, 1932; /. Phy&. Chem.^ 38, 581 (1934). 
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substrate in one case, the catalyst in the other. Consequently, 
the applicability of the Br0nsted law in both cases demonstrates 
that in any proton transfer a linear free-energy relationship 
must apply between the rates of reaction of a series of bases and 
the strengths of the bases. Specifically, therefore, the rates of 
reaction of a series of ketones with the same catalyst in reaction 
(V) must exhibit the linear free-energy relation to their base 
strengths.®'^ If reaction (V) is rate determining, the same rela- 
tion must appear between enolization rate and base strength. 

If, however, reaction (VI) is rate determining, the catalytic 
constant is the product of the equilibrium constant of reaction 
(V), which is a direct measure of the proton afl&nity of the car- 
bonyl oxygen, by the specific rate of an entirely different 
process, the removal of a proton from the a-carbon. If the 
structures of a series of ketones differ by substitutions in the 
neighborhood of the reacting group, as in the series CeHsCOCHs, 
C6H5COCH2CH3, and C6H6C0CH(CH3)2, no Hnear free-energy 
relation can be expected to apply between the base strength and 
the value of A2; hence none will apply between base strength and 
catalytic constant (page 224). 

When the base strengths of this series of ketones, together 
with some others, are measured by methods to be described 
(page 271) and plotted logarithmically against the first-order 
constants h for the halogenation in 1.388m perchloric acid, the 
complete lack of correlation shown in Fig. 1 is obtained.®^ The 
result argues strongly against reaction (V) as the rate-determin- 
ing step. 

Evidence from the Isotopic Oxygen Exchange,* — When ace- 
tone is mixed with water containing an abnormal proportion of 
the oxygen isotope of atomic weight 18, no measurable inter- 
change of oxygen between acetone and water occurs unless acid 
or base catalysts are present. There is a general acid catalysis, 
a catalysis by hydroxyl ion, but apparently no general basic 
catalysis. In an equimolar mixture of acetone and water at 
100® the catalytic constants are 1.94 for oxonium ion and 0.00114 
for salicylic acid, and the rate shows the same kind of dependence 

^ Hammtt and Pfluger, J. Am. Chem. Soc.^ 66, 4079 (1933). Bell, 
Proc. Roy, Soc. (London), A164, 414 (1936). 

* Cohn and Ubby, J, Am. Chem. Soc., 60, 679 (1938). 
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upon the concentration of a salicylate buffer as is found in the 
orthoacetate hydrolysis. The probable mechanism® of the 
exchange consists in the proton transfer of reaction (V), followed 
by the addition of a molecule of H20^® to form (A), the reaction 
of this 
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with a base to form the ketone hydrate (B), and the reversion of 
this to a ketone molecule which is as likely to contain 0 ^® as 


6.5 

^ 6.0 

5.5 


Fig. VIII-1. — Comparison of base strengths of ketones K with specific rates 
of halogenation k.^ 1, acetophenone; 2, p-bromacetophenone; 3, p-methyl- 

acetophenone; 4, propiophenone; 6, n-butyrophenone; 6, i-butyrophenone. 

Whichever of these steps is rate determining, the over-all rate 
of the exchange cannot be greater than the rate of its first step 
reaction (V) ; it may be smaller if the first step is reversible and 
followed by a later rate-determining step. Consequently, if the 
oxygen exchange is faster than the halogenation, reaction (V) 
must also be faster than the halogenation and cannot be its 
rate-determining step. No exact comparison under identical 
conditions has been made, but a reasonable interpolation from 
the rates of halogenation in pure acetone and in dilute solutions 
of acetone in water indicates that the enolization rate is, in fact, 
several orders of magnitude slower than the oxygen exchange 
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and, consequently, that reaction (V) is not rate determining in 
the former reaction. 

Kinetics of Enolization in Deuterium Oxide. — The first evi- 
dence historically® on the question of the rate-determining step, 
but hardly the surest demonstration of its correct answer, arises 
from the comparison of reaction rates in D 2 O and H 2 O. The 
acid-catalyzed enolization of acetone is 2.10 times faster in the 
deuterium solvent.^® It is, however, to be expected that the 
deuteron transfer 


CHa 

I 

X 

0 

+ 



+ A“ 

C " 0 + DA :;;=i 

✓ 

C*OD 

(XV) 

CH, 

.CHa 



should be slower than the proton transfer of reaction (V). 
This effect is predicted from theory^^ on the basis of reason- 
able assumptions about the zero-point energies of the proton 
and deuteron vibrations in the reacting molecules and in the 
transition states, and the reactions of nitromethane and of an 
enolizable ketone with bases show a rate in D 2 O slower by a 
factor of 3 to 7 .^^ If reaction (VI) is rate deter m i n i n g in the 
enolization, the specific rate is the product of the rate constant ft 2 
of a reaction which still involves a proton transfer even in 
deuterium water by an equilibrium constant, which for all 
that theory or experience prescribes may either increase or 
decrease on transfer from the protium to the deuterium system. 

The weight of this argument is weakened by the discovery^® 
in the case of the orthocarbonate hydrolysis, which shows an 
unmistakable general acid catalysis, that the catalytic constant 
for oxonium ion is increased, although that for acetic acid is 
decreased by the transfer to D 2 O. 

Reaction Products in the Halogenation.^^^ — ^The first isolable 
product in the base-catalyzed halogenation of acetone is the 

® Bonhobffeb, Tram. Faraday Soc., 34, 252 (1938). 

Reitz, Z. physik. Chem., A179, 119 (1937). 

Wynne-Jones, Chem. Eet?., 17, 115 (1935). 

Reitz, Z. physik. Chem., A176, 363 (1936), Wilson, J. Chem. JSoc., 
1550 (1936). 

Wynne- Jones, Trans. Faraday Soc., 34, 246 (1938). 

Baetlbtt, J. Am. Chem. Soc., 66, 967 (1934). 
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uns 3 nnnietrical trihalogen derivative, e.g,, CHsCOCBrs. This is 
because the bromine in CHaCOCHaBr is strongly electron 
attractive and facilitates the removal of the adjacent proton. 
Consequently, the specific rate of ionization [reaction (I)] and 
hence of halogenation of bromacetone is greater than that of 
acetone, and that of dibromacetone is still larger. The mono 
and dibrom compounds react relatively rapidly, therefore, as 
soon as they are formed and never attain a suflBlcient concentra- 
tion to permit isolation. In the acid-catalyzed reaction, bromine 
substitution decreases the equilibrium constant Ki whereas it 
increases the rate constant The net effect upon the enoliza- 
tion rate is not predictable but turns out experimentally to be a 
decrease. The mono and dibrom compounds are, therefore, 
isolable intermediates. 

General Acid and Base Reactions as Criteria of Mechanism. — 
When a reaction is of the general acid or base type, catalytic or 
otherwise, its rate-determining step is most probably a proton 
transfer of the type involved in the ketone halogenation and 
related reactions. The only apparent alternative is that of 
a reversible hydrogen bonding between substrate and acid 
followed by a nonprotolytic reaction of the complex thus formed. 
This leads, however, to no satisfactory picture of the reaction 
process in a base catalysis and to one of limited applicability in 
the case of an acid catalysis. The conclusions that may be drawn 
from the existence of a specific oxonium or hydroxyl-ion catalysis 
are less definite. One alternative is that of a mobile and revers- 
ible proton transfer followed by a rate-determining nonproto- 
lytic reaction. Thus the* base-catalyzed ketone halogenation 
may become first order in halogen (page 106) if the specific rate 
of reaction of ion with halogen (fc 2 [Br 2 ]) is slow compared with 
that of its reversion to ketone (fc_i[BH'^]). This makes the 
second term in equation (41), Chap. IV, much larger than the 
first and reduces the rate equation to 


_ feife2 [K][B][Br2] 
“ [BH+] 


if 1^2 


[K][B][Br2] 

[BH+] 


(16) 


Because of the presence of the ratio [B]/[BH"^] in this equation, 
a simultaneous and proportionate increase in concentrations of 
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the base and its conjugate acid do not alter the rate. 

Since, 

furthermore, 

[B] _ 1 

[BH+][OH-i Ki 

(17) 

and • 

II 

(18) 

where K is the equilibrium constant of the reaction 



K + OH-?:i|- + H20 

(XVI) 

equation (16) may be put in the form 



V = i5:A;s[0H-][K][Brs] 

(19) 


which is characteristic for a specific hydroxyl-ion reaction. 

Another alternative is a rate-determining proton transfer with 
a catalytic constant for oxonium ion or hydroxyl ion so large 
that catalysis by other acids or bases is not detectable. This is 
most likely to be the case when the slope x of the Br0nsted equa- 
tion is large. The greater the value of the slope, the more 
rapidly will the catalytic constant increase with increasing acid 
or base strength of the catalyst. Since oxonium ion is the 
strongest acid and hydroxyl ion the strongest base obtainable in 
appreciable concentration in aqueous solution, their catalytic 
constants will probably be especially large when x is large. 
This will be true even though their representative points deviate 
considerably (as they often do) from the relationship established 
from the study of other catalysts (page 225). 

Finally a base-catalyzed reaction in water solution may 
depend upon the addition of hydroxyl ion to a carbonyl group. 
This is probably the case in the hydroxyl-ion catalyzed oxygen 
exchange in acetone, the probable intermediates of which are 
(O and (D) with the first step rate determining.^ 

"HsC 0* 1“ HsC 6-H 

c c 

H,C 6 - H J H,C 6 - H 

(C)' (D) ■ 

“ Bb^nsted and Wynne-Jonbs, Trans. Faraday Soc., 26, 69 (1929). 
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If the problem of the relative rates of proton and deuteron 
transfer were on a surer basis (page 240), it would assist mate- 
rially in distinguishing these alternatives. Another possibility 
(page 276) involves the effect of high acidities upon the 'tate^ 
but this also requires further substantiation. ' ^ 

The Structural Requirements for an Acidic Proton. — Enoliza- 
tion, racemization, halogenation, and deuterium exchange all 
require the removal of a proton from combination with carbon 
by the attack of a base ; they involve a nucleophilic displacement 
on hydrogen. None of them are known to occur unless there is 
unsaturation or a high concentration of positive charge on an 
adjacent carbon atom. Thus exchange of deuterium for hydro- 
gen under the influence of bases occurs on the a-carbon atom of 
ketones, acids, esters, nitriles, and similar substances and in 
such highly unsaturated hydrocarbons as cyclopentadiene, indene, 
fluorene, and acetylene.® The rate of exchange in the ion (E) 


CeHs D 

- H-C S' 

r H o 


II 1 

1 II 

C O' 

HaC-C C-H 

HaC- C-C-OCaHfi 

✓ N ❖ 


1 

CHAHb C 

N 

CHs- N-CHa 



1 

0 - 
X 

1 


iS) (F) ((?) 

is identical with its rate of racemization.^® Deuterium exchange 
also appears under the action of caustic alkah in o- and p-nitro- 
toluene and in quinaldine.^^ It is possible in these cases because 
of the powerfully electron-attractive nature of the nitro group 
and of the well-demonstrated similar effect of the ring nitrogen 
in pyridine derivatives. The exchange also appears in the 
methyl derivatives of other heterocycles such as (F).^® The 
effect of the nitro group may even lend acidity to the ring hydro- 
gens in benzene derivatives, for trinitrobenzene exchanges. The 
expected unfavorable effect on acidity of a negative charge in 
the molecule appears in the fact that esters and amides are 
more rapidly racemized by bases than the corresponding car- 

Ives and Willis, J. Chem, Soc.^ 1465 (1938). 

Khakasch, Bkownt, and McNab, J. Org, Chem., 2, 36 (1937). 
^'Eblknmeyer and Weber, Eelv, Chim. Acta^ 21, S63 (1938). Eblen- 
TBR, Weber, and Wibssmer, ihid,^ 21, 1017 (1938). 
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boxylate ions,^® the expected favorable effect of a positive charge 
in the easy racemization of 

When two unsaturated or otherwise strongly electron-attract- 
ing groups are attached to a single carbon atom, protons attached 
to that carbon become especially acidic. With unsaturated 
groups this arises from the double resonance that exists in the 
conjugate base as in the case of acetacetic ester {H) 

O' 

H,C-C 0-R 

\ y “ 

c- c ^ 

H O' 

6 * 

❖ 

HsC-C 0-R 

\ / — 

c«c 

/ \ 

H O' 

(M) 

Other familiar examples are malonic ester, acetylacetone, and 
cyanacetic ester; the relatively easy D exchange®^ of phenyl- 
acetate and vinylacetate ions shows that the effect exists in them 
also. In the very readily^^ bronodnated and racemized sulfone 
CHs — SO 2 — CHCHs — CO 2 H there should be no resonance 
involving structures with a suKur-carbon double bond, but the 
large positive charge on the sulfur kernel has the same electron- 
attracting effect that the resonance would produce. 

Acetacetic ester and nitromethane are acids of strength com- 
parable to that of phenol,®^ the ionization constants at 25° being 
for acetacetic ester 2.0 X 10”^^, for nitromethane 2.6 X 
for phenol 1.0 X 10”^°. The so-called pseudo-acids in which the 
proton is attached to carbon do not, therefore, differ widely in 

(a) Bickel, /. Am. Chem. Soc.^ 60, 927 (1938). (6) Bovabnick and 

Clarke, ibid.f 60, 2426 (1938). 

Bulmann and Berg, BuU. soc. chim., 1, 1646; 1663 (1934). 

Ives and Rydon, J, them. Soc.^ 1736 (1935). Ives, ihid.j 81; 91 (1938). 

** Mbllander, Arkiv. Kemi, Mineral. GeoL, 12A, No. 1; No. 16 (1936). 

(a) Goldschmidt and Oslan, Ber., 33, 1146 (1900). (6) Jotbll, 

Dis., Upsala, 1936. 
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strength from those in which the proton is on oxygen; they do 
differ enormously in rate of reaction, that of phenol being prac- 
tically instantaneous. 

Deuterium exchange may be induced by acids as well as by 
bases and is favored by electron-repelling substituents instead 
of by electron-attracting ones.^^ The rate increases in the order 
CeHe, CeHfiOCHs, C6H5N(CH3)2, CeHsO”. 

Enolization of Acetacetic Ester Derivatives. — The rate of 
bromination of ethyl acetoacetate is independent of the bromine 
concentration and shows a general base catalysis but no appreci- 
able acid catalysis.^® There is a small amount of instantaneous 
bromination owing to the enol present in equilibrium with the 
keto form, and the specific rate of the reaction of monobrom- 
acetacetic ester is about ten times that of acetacetic ester. For 
this reason the monobrom derivative is neither an end product 
nor an unstable intermediate, and the kinetics are relatively 
complicated. 

The rate of conversion of the keto form of the menthyl ester of 
a-phenylacetacetic acid to the enol form catalyzed by piperidine 
in hexane solution has been determined by making use of the 
fact that the enol reacts instantaneously with halogen. The rate 
of the mutarotation, which involves the inversion of the configura- 
tion of the a-carbon atom of the keto form as weU as the con- 
version of keto to enol, has also been measured optically.^® If 
the inversion went only by the reversible conversion of keto to 
enol, the reaction system would be 

(XVII) 

"k—x s 

The enol E jp not an unstable intermediate, and the method of 
Rakowski (page 105) must be applied to the integration of the 
rate equations. The result is unmanageable unless the reason- 
able assumptions (reasonable because the center of asymmetry 
in the menthyl group is so far from the reacting one) are made 
that ^2 = and fci = Furthermore, it is known that the 

Ingolb, Raisin, and Wilson, J. Chem. Soc.^ 1637 (1936), Best and 
Wilson, 28 (1938). 

28 Pedersen, J. Phya. Chem,, 38, 601; 999 (1934). 

28 KiMBAiiL, J, Am. Chem. Soc,, 68, 1^3 (1936), 
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percentage of enol form present at equilibrium is 71, from which 
the ratio ki/k^i = k^^lk^ = 4.9. It can then be shown that the 

specific rate of the enolization ^ (where [Ej^ is 

the equilibrium concentration of the enol form) is equal to 
ki + 2fc-i, whereas the specific rate of the mutarotation 

- ---- — — should be some 25 per cent lower. 

Actually, the mutarotation runs about three times as fast as 
the enolization, and it is necessary to admit the presence of some 
racemizable intermediate between keto and enol forms. The 
kinetic system is presumably 


dK -{“ 


ki ki 

B;=±I- + + B 

E + B 


(XVIII) 


If As = k„i and kx = k^^, the threefold ratio of rates of muta- 
rotation and enolization requires that k^x + kz = 2kz, i,e., that 
about twice as many ions revert to the equimolar mixture of 
dK and IK as go on to enol. 

The result is somewhat surprising; for one expects the addition 
of the proton to oxygen, which forms the enol, to be more mobile 
than the addition to carbon, which forms the keto. This is, 
however, mostly because the classical method of preparing the 
enol form is the acidification at low temperatures of the sodium 
salt suspended in hexane. At the temperatures in question 
the equilibrium is so largely in favor of the enol form that the 
result may have nothing to do with the relative rates of formation 
of keto and enol forms, and in any case it predicts nothing about 
conditions at room temperature. In the entirely analogous 
addition of CHa'^ by treatment of the sodium acetacetic ester 
with methyl iodide, the product is predominantly the keto form 
of a-methylacetacetic ester, which results from the addition to 
carbon. 

Olefin Bond Migrations. — ^Another case in which the first step 
of a base-catalyzed prototropic isomerization is mobile and 


^ Knorr, Rothe, and Avbrbbck, Ber., 44, 1138 (1911). 
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reversible is found in the reaction® 

CHj-CHs CHj-CHj 

CHs C- CHs- CN -+CHs C = CH-CN 

CHa-CH CH2-CH2 

which proceeds largely to completion in the direction shown, 
resonance with the cyanide group being no doubt responsible for 
the stability of the unsaturated form. The j3,7 compound 
has been shown to exchange two protons for deuterons too rapidly 
for measurement under conditions (O.In sodium ethoxide in 
ethanol at 25°) for which the half time of the isomerization is 
7 hr. As both reactions undoubtedly proceed by way of the 
removal of an a-hydrogen, the rate at which the ion reverts to 
the less stable form must be much greater than that at which 
it is converted to the more stable form. There is no incon- 
sistency; the equilibrium condition requires merely that 
kih 2 > the rate condition that 

The Methyleneazomethine Rearrangement. — ^Reactions of the 
type 

p - CeHs * CeH^ CeHs p 

^ ' kf 

CH-N = C 

^ S kr 

CeHfi H 

(I) 

are subject to base catalysis and come to an equilibrium in which 
measurable amounts of the two substances are present. The 
sum kf + kr may be obtained from the rate expression for a 
reversible reaction (page 102) 

In-^ = (fc/ + fc,)« (20) 

Xe — X 

and, since the determination of the state of equilibrium permita 
the calculation of the ratio, kf/krj kf is also accessible. The sub- 
stance (I) may be obtained optically active, (J) is necessarily 
inactive. If there is no racemizable intermediate, the specific 

^ Ingold, db Salas, and Wilson, /. Chem, 80c,, 1328 (1936). 
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rate of racemization 


d In g; 
dt 


is simply k/, for the reversal of the 


reaction can regenerate only inactive (7). Actually, the value 
of kf determined from the rearrangement in 0,1N sodium ethoxide 
in ethanol at 25° is 3.65 X 10“®, that from the racemization is 
3.39 X 10”®. The same kind of agreement has also been 
obtained^®’®®, by a somewhat more complicated method, for the 
reaction in the same way of the substances (K) and (L) 


CeHs 

C6H4CI 

CH- 

N = C 

CH3 

CeHe 


(K) 


CbHs CeHs 

\ ^ 

CH- N=C 

CHs CeHs 

{L) 


There are three possible interpretations of this phenomenon; 

1. The rearrangement goes by the simultaneous addition and 
removal of a proton®® 

R R 

N ^ 

CjHjO- + CH - N = C + HOCjHj CjH.OH + 

^ N 

R R 

R R 


CsN-CH +OC2Hr (XX) 
R R 

with no intermediate. The contrast with the keto-enol change 
in which the ionic intermediate is highly probable may be 
explained on the basis that the ion in this case [R 2 C— N— CR 2 ]” 
is much more basic than the one [R 2 C— C— 0]” involved in 
the other. The activation energy required for the removal of the 
proton from the nitrogen compound is, therefore, so large that the 
termolecular mechanism becomes easier than the two-step one. 

2, There is an ionic intermediate, but it retains its configura- 
tion, and the reversal of the ionization yields the reacting sub- 
stance with unchanged rotation. This involves the unsettled 
question of the optical stability of carbanions. 

3. An ionic intermediate is formed, but practically every ion 
formed from (I) is converted to (J), i.e., the ionization is prac- 

2 ^ HstJ, Inqold, and Wilson, J, Chem. Soc., 1778 (1935). 

*0 Ingold and Wilson, J, Chem, Soc,, 93 (1934). 
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tically irreversible. It is extremely unlikely that this can be 
true of the three very differently constituted substances (/), 
(K), and (L). 

The more probable interpretations 1 and 2 are both subject to 
one difficulty in the fact that the reaction product obtained by 
the rearrangement of (K) is at least 90 per cent racemic,®^ 
although it contains an as 3 rmmetric carbon atom. Either the 
termolecular process or a two-step one involving an asymmetric 
ion might be expected to produce active product by a sort of 
asymmetric synthesis. The interpretation of the reaction is also 
complicated by the fact that the deuterium exchange is appreci- 
ably more rapid than the rearrangement.®^ 

Aliphatic Nitro Compounds. — ^These have properties very 
similar to those of acetacetic ester. Both true nitro (M) and aci 
(N) forms can be isolated in certain cases.®® When a solution of 


<o 

H 0- H 


H 

H,C- N'-’O' 

\ r “ 

C= N 

or 

H- C N- 0- H 


h" ' 0* 


N ✓ ■* 

O' 

(M) 


(iV) 



(M) or one of its derivatives is treated with sodium hydroxide, 
the conductivity decreases at a measurable rate®^ as a result of 
the reaction 


CH3NO2 + OH- CHaNOa- + H2O (XXI) 

the anion of the nitro compound having a lower mobility than 
the hydroxyl ion. Conversely, the addition of acid to a solution 
of the sodium salt is followed by a measurably slow decrease in 
conductivity by virtue of the reaction 

CH2NO2- + OH3+ CH3NO2 + H2O (XXI I) 

The conductivity changes furnish the most accurate®® method of 
following the rates of the reactions; they may also be measured 

81 iNGoiiD and Wilson, J, Chem. Soc., 1493 (1933). 

82 db Salas and Wilson, J, Chem. Soc,, 319 (1938). 

88 Hantzsch and ScHtjLTZB, Ber,, 29, 699 (1896). 

84 Hollbman, Rec. trav. ckim., 14, 121 (1896). 

*8 Maron and LaMer, /. Am. Chem. Soc., 60, 2588 (1938); 61, 692 (1939). 
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by using the instantaneous reaction of the ion with bromine. 

The conversion of nitromethane to the ion may result from the 
action of other bases than hydroxyl ion and obeys the same 
kinetic laws as a general base-catalyzed reaction. The reverse 
reaction is of the general acid type but is complicated by the 
rapid and reversible conversion of some of the ion to the aci form 
(iV). From the study of these complications it is possible to 
determine the equilibrium constant for the ionization of the aci 
form [ion”][OH 3 "*’]/[aci] = 0.0006 as well as the much smaller ion- 
ization constant for the nitro form [ion"][OH 3 '^]/[nitro] = 2.6 X 
lO'-ii. Pile corresponding values for nitroethane are 7 X 10'^ 
and 2.7 X 

^ Pbdebsen, Kgl, Danske Videmkab. Selskab, Maih.~Jys. Medd,^ 12, No. 1 
( 1932 ). 



CHAPTER IX 

THE QUANTITATIVE STUDY OF ACIDS AND BASES 

The Determination of Oxonium-ion Concentration. — ^The 
fundamental reference point from which all measurements of 
oxonium-ion concentration in aqueous solution must start is the 
solution of a strong acid, such as HCl, in which the reaction 

HCI -1- H 2 O ?± OH,+ + Cl- (I) 

goes practically to completion and the oxonium-ion concentration 
is practically equal to the stoichiometric concentration of the 
acid. The vitally important proof that an acid is strong may 
be obtained from one or more of the following considerations. 
If the variation of conductivity or activity of an acid in dilute 
solutions is that predicted by the theoretical expressions of 
Debye and Htickel and of Onsager,^ which take account of the 
electrical forces between the ions, one may assume that the 
ionization is complete. A strong electrolyte has a molar con- 
ductivity that varies with the square root of the concentration 
in dilute solutions; an electrolyte the ionization of which is 
incomplete has one that varies with the first power of the con- 
centration. Or if the electrometric titration curve obtained 
when an acid is neutralized agrees with the theoretical one for a 
strong acid, the same conclusion of complete ionization may be 
drawn. 2 Or one may use the principle, so important in the 
development of the ionic theory, that a group of electrolytes 
which show a pronounced and exact additivity of properties 
must be composed of strong electrolytes.® Finally, indicator 
properties might be used. Picrate ion is intensely yellow, 
molecular picric acid is known from its behavior in concentrated 

1 Debye and HUckel, Physik. Z., 24, 185; 305 (1923). Onsagbb, ibid., 
27, 388 (1926); 28, 277 (1927). 

» (a) Hall and Wbrneb, J. Am. Chem. Soc., 60, 2367 (1928). (6) Ham- 

MBTT and Dietz, ibid., 62, 4796 (1930). 

» Hammett, “Solutions of Electrolytes,” 2d ed,, New York, 1936, Qiap. I. 
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acid solutions to be colorless. Hence a colorimetric determina- 
tion of the concentration of picrate ion in a dilute aqueous solu- 
tion of the acid might be used to demonstrate that its ionization 
is nearly complete. 

Given the point of reference, there are numerous ways in which 
oxonium-ion concentrations may be determined. If one knows 
the equivalent conductivity of a strong acid, of its sodium salt, 
and of the sodium salt of a weak acid, one may calculate the 
conductivity the weak acid would have if it were completely 
ionized (called the conductivity at infinite dilution) and, by 
comparison with the actual conductivity of a solution of the 
weak acid, determine its degree of ionization a and the oxonium- 
ion concentration of the solution. By application of the law of 
equilibrium 

^ _ [Ai[OHa+] _ 

^ ~ [HA] ” 1 - a 

in which c is the stoichiometric concentration of the acid, the 
ionization constant K may be calculated and, from this, the 
oxonium-ion concentration of any solution of the acid alone or 
in a buffer mixture with one of its salts. The result is precise 
only to the extent that concentrations may be substituted for 
activities, i.e., in very dilute solutions, or that known activity 
coefficients have been used to correct equation (1). 

The Indicator Method. — Relative values of the oxonium-ion 
concentration may be obtained with an indicator (page 91) by 
use of the equilibrium equation * 


[QH3^][B] _ ^ „ KU 
[A] (/^f0H3-) 


^( 2 ) 


in which A is the indicator acid, B its conjugate base. If the 
ratio [A]/[B] is determined colorimetrically in a solution of known 
oxonium-ion concentration, the indicator constant Ki is imme- 
diately known. From this the oxonium-ion concentration of 
any solution may be determined by a colorimetric measurement 
provided that the activity coefficient expression has the same 
value as in the previous measurement (e.gf., if the salt effect has 
been suppressed by the method of page 94) or if its variation 
may be neglected or calculated. Both in the determination of 
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the indicator constant and in the measurement of the oxonium- 
ion concentration it is necessary that the acidity be neither so 
high nor so low that the indicator ratio [A]/[B] cannot be dis- 
tinguished experimentally from infinity or zero. Each indicator 
has, therefore, a useful range of acidity, the center of which lies 
at an oxonium-ion concentration equal to the indicator constant. 

The Electrometric Method. — concentration cell of the type 

Pt, Ha, Soln. 1, sat. KCl, Soln. 2, Ha, Pt 

or of equivalent tjrpes involving quinhydrone or glass electrodes 
may be employed for the measurement of relative values of 
oxonium-ion concentration; for the potential of the cell is approxi- 
mately determined by the equation 



[0H3+]2 

[OHs+fi 


(3) 


This is not an exact thermodynamic equation, and its justification 
rests more on empirical observation than on theory. It is the 
more reliable, the more nearly the two solutions resemble each 
other. It is still more reliable, but of more limited range of 
application, if the salt bridge (the saturated KCl) is omitted, 
and both solutions contain the same large concentration of the 
same electrolyte.'^ 

It is usual in practice with aqueous solutions to split the cell 
into two others 


Hg, HgCl, sat. KCl, Soln. 1, Ha, Pt 
Bg, HgCl, sat. KCl, Soln. 2, Ha, Pt 

the difference of whose potentials — Ei must equal the poten- 
tial E of equation (3). The potential of cell 1 is measured once 
for all with a solution of known oxonium-ion concentration, from 
which the potential Eo of a similar cell containing oxonium ion at 
unit concentration is calculated. For any solution 2 it then 
follows that 


JS?2 = -Bo + ^lii[OHa+]a (4) 

^Bh^nstbd, Kgl, Danske Videnskah, Selskah, Math.-fys, Medd,, 3, No. 9 
(1920). 
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Hydroxyl-ion Concentration. — The determination of the 
hydroxyl-ion concentration of aqueous solutions uses sodium 
hydroxide or other strong base as a reference point. The appli- 
cation of the indicator or the electrometric method depends upon 
the use of the law of equilibrium involving the ionization of water 

2H2O OH3+ + OH"* (II) 

tOH3+][OHi = K„’= (6) 

yOHs+yOH- 

Consequently, oxonium-ion and hydroxyl-ion concentrations 
vary inversely and 

„ [OHi2 

[0H3+]2 “ [OHii 


provided the fs are constant. 

Quantitative Treatment of Protolytic Equilibria. — It is cus- 
tomary and convenient to work with both ion concentrations 
and equilibrium constants in terms of their negative logarithms. 
Thus the pH of a solution is given by 

pH - ~ log [OH 3 +] (7) 

and to any equilibrium constant K there corresponds a piT given 

by 

pit = — log K ( 8 ) 

For every conjugate acid-base system present there is set up 
in aqueous solution an equilibrium of the type p 

HC 2 H 3 O 2 + H 2 O — OH 8 + + CaHsOa- (III) 

or 

NH 4 + 4- H 2 O ;?± OH 3 + + NH 3 (IV) 

Eegardless of charge type the equilibrium constant of this 
reaction is called the acidity constant of the acid-base system or 
of the acid for short.^ Thus the acidity constant of acetic acid 
is given by 

^ _ [0Hs+][C2H302~] 

[HC 2 H 8 O 2 ] 

» Bb^nstkd, Chem, Rev., 5, 231 (1928). 
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that of anunonium ion by 


^ [ 0 H 3 +][NH,] 

“ [NH4+] 


( 10 ) 


The reciprocal of the acidity constant of an acid is called the 
basicity constant of the conjugate base. 

The acidity constant of an acid of the acetic acid or H2P04“' 
type is identical with the ionization constant Ki of the Arrhenius 
theory; the acidity constant of an acid of the ammonium-ion 
type is identical with the hydrolysis constant of ammonium 
chloride or nitrate in that theory. The ionization constant of 
a base of the ammonia type is, how’'ever, given by 


^ _ [NH 4 +][OHi 

^ [NH3] 


( 11 ) 


It is related to the basicity constant of ammonia and the 
acidity constant Ka of ammonium ion by the equations 


Tjr IP* 

jiV(x 


( 12 ) 


as may easily be shown from equations (6) and (10). 

Other Solvents : Lyordum and Lyate Ions. — A procedure of the 
same sort as that used in aqueous solution may be applied to any 
other amphiprotic solvent, i.e., to any solvent that can add a 
proton to form a lyonium^ ion or lose a proton to form a lyate ion. 
The lyonium and lyate ions of water are oxonium and hydroxyl 
ions; those of ethyl alcohol are ethyloxonium, C2H60H2"^, and 
ethoxide, C2H60“, ions; in acetic acid they are 01130(011)2“^ 
and CH3CO2”; in ammonia ammonium and amide ions, NH4‘^ and 
NH2“; in sulfuric acid, H3S04“^ and HS04'". For solutions of 
constant ionic strength in any solvent the product of the con- 
centrations of lyonium and lyate ions is a constant, the auto- 
protolysis constant of the solvent. This constant, the known 
values of which are listed in Table I, determines the range of 
values of acidity available in a solvent. Thus if one limits 
the magnitude of salt effects by usiug not over 0.1 m solutions, 
the most acid solution possible in water has an oxonium-ion 


® Bjebritm, Chem. Rev,, 16, 287 (1936). 
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Table I. — Atttoprotolysis Constants 


Solvent pii^ 

Water, 25° 14.0 

Water, 100° , 12.3 

Tormic acid 25°^^'^’ 6.2 

Methanol, 25°' 16.7 

Ethanol, 25°* 19.1 

Ammonia, -33.4°9 22 


concentration of 0.1; the most basic solution possible has a 
hydroxyl-ion concentration of 0.1, and, as the autoprotolysis con- 
stant is 1 X 10“^^ an oxonium-ion concentration of 10“^®, In 
formic acid with an autoprotolysis constant of 6 X 10~^ the 
coiTesponding range of values of the lyonium-ion concentration 
is only 0.1 to 6 X lO'*®. 

The strength of an acid in a given solvent is measured by the 
extent of the reaction 


HA + S:j:±SH+ 4- A- (V) 

in which HA is the acid, S the solvent, and SH^“ the lyonium ion. 
Obviously, this depends quite as much on the basicity of the 
solvent as it does on the acidity of the acid. Unfortunately, it 
depends also upon the nature of the medium in which the reaction 
occurs, and this is different for each solvent. Some of the 
medium effects are more or less predictable. Thus the fact that 
reaction (V) converts neutral molecules to ions implies that a 
high dielectric constant favors the ionization (page 90). In 
addition, however, there may be entirely unpredictable and 
specific interactions between solvent and acid and solvent and 
ion. Consequently, one cannot hope to set up a table of absolute 
strengths of acids or of bases that will lead to quantitative and 
reliable predictions of the effect of solvent upon ionization: the 
most that can be expected is a qualitative order of strengths from 
which the deviations may be relatively minor ones. 

The Leveling Effect of the Solvent. — ^The range of acid 
strengths that may be measured in any one solvent is limited by 

^ Bjerrum, Unmack, and Zechmbistbr, Kgl. Danske Videnskdb, Selskabf 
Maih.-fy8, Medd., 5, No. 11 (1925). 

® Danner, J, Am. Chem. Soc,, 44, 2832 (1922). 

* Estimated from data in Franklin, **The Ammonia System of Com- 
pounds,^' New York, 1935, Chap. I. 
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a leveling effect of the solvent.^® If the equilibrium constants 
of reaction (V) for two acids have the values of 100 and 1,000,000, 
the second acid is many times stronger than the first. Yet a 
0.1m solution of the first will react until the concentration of 
molecular acid is 10“%, an amount too small to detect; its ioniza- 
tion seems, therefore, as complete as that of the second the 
solution of which contains only 10“% molecular acid. Any 
acid the ionization constant of which in a given solvent exceeds a 
certain minimum (ca 100) is, therefore, a ^'strong acid^^ and is 
indistinguishable in strength from other strong acids. 

The relative strengths of a series of acids cannot be measured, 
therefore, if the basicity of the solvent is too great; too acid a 
solvent is equally unfavorable. The measurement of the acid 
strength depends ultimately in every case upon the determination 
of the extent to which the acid reacts with a base, which may 
be the solvent in a conductivity or electrometric measurement or 
an indicator base. In so doing it must compete with the solvent 
acting as an acid, and if the latter is too strong an acid the reac- 
tion of the solute becomes too small to be measured. It is for 
this reason that inherently very strong acids like the sulfonic 
acids show no appreciable ionization when dissolved in sulfuric 
acid. 

Relative and Absolute Values of Acidity. — ^The ratio of the 
acidities, i.e., the concentrations of lyonium ion, of two solutions 
in a given solvent may be determined without much difficulty by 
the indicator or by the electrometric method, and the determina- 
tion does not require a knowledge of the actual concentration of 
the lyonium ion in either solution. If such measurements are 
made in buffer solutions of two different conjugate acid-base 
systems, the ratio of the acidity constants follows immediately 
from the ratio of the acidities and the buffer concentrations, 
provided only that the ionization of the acid or the base is not too 
large. Consequently, the relative strengths of a series of acids 
or bases in a solvent may be determined without knowing the 
absolute ionization constant of any of them. 

Measurements in Solvents of Low Dielectric Constant. — Since 
the range of acidities that may be investigated in a given solvent 

Hantzsch, Z, Elehtrochem.f 29, 221 (1923). 
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decreases as the autoprotolysis constant increases, a solvent with 
a very low autoprotolysis would seem to be the ideal one for the 
investigation of acid and base strengths. Unfortunately, all the 
known solvents of this sort have low dielectric constants; they 
are not good solvents for electrolytes; and such electrolytes as 
do dissolve are present to a large extent as ion pairs, triplets, 
and higher polymers, the extent of association varjdng from 
electrolyte to electrolyte in an unpredictable fashion (page 52). 

It is, therefore, not surprising that the law of equilibrium does 
not apply in a simple form to the reaction of a partly neutralized 
acid with an indicator in benzene^^ (dielectric constant 2.26) or 
chlorbenzene^^ (10.95). The reaction is 

HA + |-;=±A- + HI (VI) 

with HA the acid and HI the indicator acid. If one identifies 
the concentration of A~ with the stoichiometric concentration 
of the salt, the law of equilibrium in the form 


[Ai[HI] _ ^ 
[HA][I-] “ ^ 

fails, but an empirical expressions^ 



(13) 


(14) 


in which the nonintegral exponent n varies from case to case, 
does hold excellently. The values of K for a series of acids and 
the same indicator may be taken approximately as measures of 
the acid strengths. 

To some extent, the difl&culties encountered in low dielectric 
constant solvents may be expunged by loading the solution with 
a large and constant concentration of inert electrolyte, the same 
stratagem that proves so successful in suppressing salt effects in 
aqueous solutions (page 94). Thus in n-butyl alcohol (e = 17.4) 
the theoretical relation between electrometric acidity and the 
ratio of the concentrations of an acid and its conjugate base is 
obtained in solutions containing 0.05m lithium chloride with all 
other electrolytes present at concentrations that do not exceed 

LaMbb and Downbs, J, Am. Chem. Soc.j 65, 1840 (1933). 

1* Grefftths, /. Chem. Soc., 818 (1938), 



THE QUANTITATIVE STUDY OF ACIDS AND BASES 269 

0.0025m. The procedure requires that an electrolyte be found 
which is suflSciently soluble in the medium and the iojQS of 
which have negligible acidity and basicity. This is not always 
practicable. 



6 -4 “2 0 2 
A (BtOH) 


Fia. IX-1. — Relative strengths of acids in water and in 7i-butyl alcohol 
referred to benzoic acid: 1, picric; 2, 2,4-dinitrophenol; 3, p-nitrophenol; 4, 
butyric; 5, acetic; 6, 77i-toluic; 7, p-toluic; 8, p-chlorobenzoic; 9, m-chlorobenzoic; 
10, m-nitrobenzoic; 11, p-nitrobenzoic; 12, salicylic; 13, maleic (1); 14, trichloro- 
acetic; 15, maleic (2); 16, trimethylacetic; 17, o-toluic; 18, o-chlorobenzoic; 
19, o-nitrobenzoic.^® 

The Effect of the Solvent upon the Relative Strengths of Acids. 

The relative strengths of a series of acids of a given charge type 
in one solvent are simply and quantitatively related to those in 
another only in the limited case of meta and para substituted 
benzoic acid derivatives (page 207). The extent of the scatter 
in the more general case is indicated in Fig. 1 in which the 

13 WooTBN and Hammett, J. Am, Chem, Soc,f 67, 2289 (1935). 
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logarithms of the relative strengths of a series of acids in water 
are plotted against the corresponding values in n-butyl alcohol.^® 
Had the relative strengths been the same in the two solvents, all 
the points would have lain on a single straight line. A very 
similar situation arises when the relative strengths of a series 
of acids in m-cresol (e = 13) are compared with the values in 
water. 

Even in a solvent with so low a dielectric constant as benzene, 
the estimates that may be made of relative acid strength by 
means of equation (14) place acids of a single charge type in 
the same order as in water, as the data of Table II demonstrate. 
A similar order appears in chlorobenzene. 

Table II, — ^Relative Acid Strength in Water and in Benzenb^^ 


Acid 

pK 

water 

pi? 

benzene 

Trichloracetic 

0.7 

0.7 

Dichloracetic 

1.30 

1.75 

Chloracetic 

2.86 

2.90 

Salicylic 

3.00 

2.55 

Formic 

3.75 

3.64 

Benzoic 

4.20 

4.68 

Acetic 

4.75 

5.18 



Changes that alter the reacting group profoundly have a large 
effect on the precision of such parallelisms. Thus the increase 
in pi? in passing from water to ethanol is 1.8 and 1.2 units less 
for the phenols picric acid and 2,4-dinitrophenol than it is on 
the average for carboxylic acids.^® (Evidence of a similar situa- 
tion appears in Fig. 1.) The effect of a change in charge type is 
large and in the direction expected, acids of the type of ammonium 
ion averaging 0.8 logarithmic unit stronger in ethanol than in 
water, whereas acids of the electrically neutral carboxylic type 
average 5.0 units weaker. For reactions of the type 

BH+-hS^B +SH+ (VII) 

the effect of dielectric constant should be small, for there is no 

BR0NSTED, Delbanco, and Tovborg-Jbnsen, Z . physih Chem ., A169, 
361 (1934), 

« Deyrup, J. Am, Chem, Soc,j 6$, 60 (1934). 
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change in the number of ions; the increase in acidity indicates 
that the solvent ethanol is more basic than the solvent water. 
The decrease in acidity of the neutral acids on transfer from 
water to alcohol is, therefore, a dielectric constant effect which 
hinders the formation of ions according to equation (V). 

Very Strong and Very Weak Acids. — With respect to acids that 
are too strong for measurement in water, investigation in other 
solvents has led to the following information. In methanol and 
ethanol, HCl, HBr, HI, HCIO 4 , CsHsOSOsH, and CeHsSOaH 
are still strong; nitric acid wdth a piC of 3.57^® is decidedly 
weak; HIO 3 and HCNS are also measurably weak. All the 
foregoing acids except perchloric become weak in acetone, nitro- 
benzene, and nitromethane. Perchloric acid is, therefore, by all 
odds the strongest acid known, as was early appreciated by 
Hantzsch.^° HCl is incompletely ionized in the solvent formic 
acid, whereas sulfuric acid is strong and benzenesulfonic 
acid nearly so.^^’^"^ The order of strength of the common strong 
acids is, therefore, from stronger to weaker, HCIO 4 , H 2 SO 4 , 
CeHsSOsH, HCl, HNOa. Solutions of strongly electrophilic 
halides like boron fluoride, aluminum chloride, or zinc chloride 
may be quite as acid as those of a strong acid (page 62). 

The data on the ionization of acids are also informative on the 
ionizing power toward electrically neutral acids of the various 
solvents involved. This ionizing power is a function both of the 
basicity of the solvent and of its dielectric constant. In this 
sense acetone, nitrobenzene, and nitromethane have little ionizing 
power, alcohol is poorer than water, formic acid poorer yet. 
Liquid ammonia in which carboxylic acids are completely ionized 
(page 52) is the best ionizing solvent for acids known; sulfuric 
acid is one of the poorest. Unforttinately, sulfuric and formic 
acids, the only solvents of materially lower basicity than water 
which have high dielectric constants, have such large autopro- 
tolytic constants that the range of acidities which may be meas- 
ured in either of them is very limited, and there is a large gap 
between them. 

Murbay-Rust and Hartley, Proc. Boy. Soc. (London), A126, 84 
(1929). Weight, Murray-Rust, and Hartley, J. Chem. Soc., 199 (1931). 
MxTRRAY-RtrsT, Hadow, and Hartley, ibid,, 216 (1931). 

Hammett and Deyritp, J. Am. Chem. Soc.y 64, 4239 (1932). 
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Liquid ammonia, although it is a solvent in which there is 
considerable ion association, is probably the best one available 
for the study of very weak acids. The only considerable amount 
of data on such substances (page 50) was, however, derived 
from the study of ether solutions. 

The Measurement of the Strengths of Very Weak Bases. — The 
problem of the choice of solvent for the investigation of bases 
is analogous to that in the case of acids. If the solvent is too 
basic, the ionization of the solute base will be too small to be 
detected; if it is too acid, the ionization will be practically com- 
plete and the strength of the base will be indeterminable; if the 
dielectric constant is low, the multitudinous difficulties arising 
from limited solubilities and ion association complicate the 
situation. A large number of bases that are on the upper edge 
of the range accessible to measurement in water have been 
studied in acetic acid.^^ Bases for which the negative logarithm 
of the acidity constant of the conjugate acid, piCo, is greater 
than 5 in water, for which, therefore, the basic ionization constant 
is greater than 10“®, are practically completely ionized in acetic 
acid. Bases the strength of which is measurable in both solvents 
show relative strengths in the one solvent that closely parallel 
those in the other. 

The Base Strength of Water. — ^It has been known for a long 
time that water has the properties of a base in the solvent 
ethanol, and both indicator methods and those depending upon 
the effect of water on acid-catalyzed reactions have been used to 
determine the extent of its ionization 

HoO -|- C 2 H 6 OH -j- C2H60“ (VIII) 

The best value for pX^ is 0.8, which makes it a thousandfold 
weaker base than aniline, and the value of piTi, where Ki is the 
ionization constant, is 18.3.^^ 

The base strength of water in formic acid^^ is measured by a 
piiCi of 4.78 and a piTa of 1,4. 

Principles of Acidity Measurements in Mixed Solvents. — The 
problem of finding a solvent in which a weak base is measurably 

“ Hall, /, Am. Chem. Soc., 52, 5115 (1930). 

Fitzgekald and Lapwobth, J. Chem. Soc.^ 93 , 2163 (1908). 
Goldschmidt, Z. physik. Chem.j 89 , 129 (1914). 
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but not too largely ionized may be solved by using a mixture of 
solvents, but the solution brings its own not insuperable diffi- 
culties. As many bases that do not ionize measurably in water 
are practically completely ionized in sulfuric acid, there must be 
mixtures of sulfuric acid and water in which the extent of 
ionization is measurable; the problem is to measure it. Most of 
the usual methods of determining the extent of ionization of a 
solute involve the measurement of some property of the solution 
as a whole such as the conductivity or the electrometric or 
indicator pH. But when a small amount of a base B is intro- 
duced into a mixture of sulfuric acid and water in which, as a 
result of the reaction 

H2SO4 + H2O OH8+ 4 - HSOr (IX) 

both conductivity and oxonium-ion concentration are very large, 
the change in conductivity or in oxonium-ion concentration 
which results from the ionizatipn of the base 

B + OH3+ BH+ + H2O (X) 

will not be detectable. Some specific difference m the properties 
of the base and of its conjugate acid, such* as the change in light 
absorption that usually accompanies a reaction of this sort, must, 
therefore, be employed. 

There is a further difficulty in the fact that the nature of the 
medium changes as the proportions of suMuric acid and water 
are altered, which means that equilibrium laws written in terms 
of concentrations instead of activities are no longer applicable. 
The following analysis^® shows, however, that errors due to this 
difficulty may be canceled out by a suitable treatment. In this, 
the strength of an electrically neutral base B is measured by the 
acidity constant of its conjugate acid, expressed in terms of 
activities instead of concentrations 

pi5^=-log^ (15) 

Ubh+ 

The activities are referred to dilute aqueous solutions; i.e,, the 
activity coefficients are made to approach unity in dilute aqueous 

Hammett and Detrup, J. Am, Chem. Soc,^ 54, 2721 (1932), Hamme tt, 
Chem. Rev,, 16, 67 (1936). 
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solution; they do not then necessarily approach unity in dilute 
solutions in another solvent. Further, the activity of protons 
or hydrogen ions is so defined that it approaches the concentra- 
tion of oxonium ion in dilute aqueous solution. Consequently, 
in dilute aqueous solution 


pe:? = pH - log (16) 

Cbh+ 

If B is an indicator the ionization of which in dilute aqueous 
solution is of such a magnitude that the indicator ratio cb/cbu+ 
may be measured colorimetrically, the quantity pi^ is imme- 
diately obtained, since the oxonium-ion concentration and pH of 
such solutions are easily determined. 

If C is another base for which 


= 


— log 


Uh+Uc 

CkJH+ 


(17) 


and if C is a suiEciently weaker base than B, but not too weak, 
then a solvent in the region of 10 per cent sulfuric acid may be 
found in which the iojiization of both B and A is measurable. 
If a small amount of B is added to one portion of this solvent 
and a small amount of C to another, the values of the quantity 
aH+ in the two solutions will not differ appreciably, being prac- 
tically identical with that of the solvent in the absence of the 
indicator. Consequently 

piCS-pJ^--Iog(^)+Iog(^) ( 18 ) 

- - fe) + fe) - (S) 

There are both experimental and theoretical reasons for believing 
that the term involving the fs may be neglected in solutions of 
high dielectric constant. 

Since the piT’s are thermodynamic quantities the values of 
which are independent of the nature of the medium, the con- 
stancy of the- activity coefficient term is proved if the quantity 
— log (cc/ccir«-) + log (cb/cbh+) is constant. Experimentally, 
this turns out to be the case, not only for the range of sulfuric 
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acid solutions, say 8 to 12 per cent, in which the quantity can be 
measured, but also for mixtures of perchloric, nitric, and hydro- 
chloric acids with water, for solutions in the solvent formic acid, 
and for moderately concentrated solutions of sulfuric acid in 
acetic acid. The corresponding quantity for other pairs of 
indicators in other regions of sulfuric acid-water mixtures and 
other strong acid systems has also been shown to be constant. 
As the activity coefficient term is constant and its value is zero 
in dilute aqueous solution, in which all the fs equal unity, it 
must be zero in all solutions. 

That this should be the case is not difficult to understand. 
By adding and subtracting log Cohs+, the expression 

is converted to 

which is the difiFerence in the logarithms of the acidity constants 
in terms of concentrations of the two acids CH+ and BH*^, i,e.j 
the logarithm of the acidity constant of BH+ relative to that of 
CH+. Such relative acidity constants are known (page 81) to 
be functions of the dielectric constant of the type 

_ log (S2^) + log ^ 

with values of the coefficients b such that the expression is prac- 
tically constant and equal to a when the dielectric constant is of 
the order of 80 or more. 

It follows, therefore, that with considerable precision for 
solutions of high dielectric constant, and approximately for any 
solution, 

piS-p^.-log(5)+l06(^) (19) 

If now an indicator D can be foimd the range of which overlaps 
that of C in the same way as the latter overlaps B, so that the 
extent of ionization of both C and D may be measured in 20 per 
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cent stilfuric acid or some similar medium, then 

p2?2 - pii:s = - log + log (20) 

Since pi?a is known from equation (19), pi^a is then also known. 

Base Strengths of Indicators for Highly Acid Systems. — By 
this stepwise method it is possible to measure the strengths of 
successively w^’eaker indicators in sulfuric acid-water mixtures 
extending up to the anhydrous acid. The values of pifa thus 
obtained are listed in Table III along with similar results obtained 
in other mixtures of strong acids with water and in anhydrous 
formic acid. For each solvent the value enclosed in parentheses 
served as a reference point. Thus the value of aminoazobenzene 


Table III. — ^Ioticator Constants (pJK’a) of Very Weak Bases^o*®! 



Solvent 

Indicator 

Ha 

HaO 

HNOa 

H 2 O 

H 2 SO 4 

H 2 O 

HCIO 4 

H 2 O 

HCO 2 H 

Aminoazobenzene 

(+2.80) 

+1.52 

+1.11 

-0.17 





Benzeneazodiphenylamine 
p-Nitroaniline 

(+1.11) 

—0.20 

(+1.11): 

—0.13 

(+1.11) 

-0.19 

-0.91 


o-Nitroaniline 

(-0,17) 

-0.94 

-2.51 

p-Chlor-o-nitroaniline 

jj-Nitrodiphenylamine .... 

-0.91 

-0.97 

-0.85 

—2.38 

2,4-Dichlor-6-nitroaniline. . 



-3.22 

-3.18 

-3.31 

p-Nitroazobenzene 


1 

-3.36 

-3.35 

-3.29 

2, 6-Dmitro-4-methylamline 
2,4-Dmitroaniline 



-4.32 



-4.38 

-4.43 


W,V-Diinethyl-2,4,6- 
trinitroaniline 

1 


-4.69 


Benzalacetophenone 



-6.61 



/8-BenzoylnapMhalene .... 



-6.92 



p-Benzoyldiphenyl 



1 -6.19 



6-Brom-2,4-dmitroaniline. . 



-6.59 



Anthraquinone 



-8.16 



2,4,6-Trinitroanilme 



-9.29 









is based upon its colorimetrically measured ionization in very 
dilute HCl solutions, and the values of the other indicators listed 

Hammett and Paul, J, Am. Chem. Soc.y 66, 827 (1934). 
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for HCl solutions are derived from this by stepwise comparison. 
The value for p-nitroaniline thus obtained serves as a starting 
point for the other strong acids, and the average value for 
o-nitroaniline found in these solutions is the reference point 
for solutions in formic acid. 

The substances listed have all been shown by the freezing- 
point method (page 45) to ionize as simple bases in sulfuric acid 
according to the equation 

B + H2SO4 BH+ 4 - HSOr (XI) 

Substances like triphenylcarbinol the ionization process of which 
is more complicated (page 54) are unsuited for use as indicators 
in such systems as these because the extent of ionization depends 
upon the activity of water in the solution. 

The only serious difficulty in carrying out these determinations 
arises from the fact that the light absorption of a solute changes 
with the nature of the medium in which it is dissolved. Even 
though this medium effect is of much smaller magnitude than 
the large changes that accompany the conversion of a base to its 
conjugate acid, it must be corrected for. The consistency of the 
results, especially the fact that the relative strength of two bases 
is independent of the medium in which they are compared, demon- 
strates that the correction can be satisfactorily accomplished. 

The Acidity Function Hq . — ^With the information obtained in 
the study of these indicators it becomes possible to define an 
acidity function which just as definitely expresses the tendency 
of a solution to transfer a proton to a neutral base as the quantity 
j£^ 3 ^aures. the, tendency pf the base to accept a prptpn. This 
function Ho is defined by the equation 

It depends, therefore, upon the activity of hydrogen ion and 
also upon the ratio of the activity coefficients of a neutral base 
and its conjugate acid. As the indicator experiments showed 
that all quantities of the type /b/ch+//bh+/c have the value 
unity, which is possible only if the ratio /b//bh+ has the same 
value for all bases, the acidity function has a value independent 
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of the base used for its measurement and is a characteristic 
gropei’ty of the solution. 

By combining equation (21) with (15) and remembering that 
/ = a/Cj one obtains an alternative expression for Ho 

H, = pJCa + log (22) 

\Cbh+/ 

which furnishes a method for its experimental determination. 
All that is necessary is to add an indicator the value of pifa of 



Fig. IX-2. — Acidity function of H2SO4-H2O solutions.®®*®^ 

which is known and to measure the indicator ratio cb/cbh+ 
colorimetrically. Values of for sulfuric acid solutions are 
plotted against the percentage composition in Fig. 2 and are 


Table IV. — Acidity Functions JJo for Sulfuric Acid Water 
Mixtures*®’*^ 


% HisSO. 

H, 

% HsSOi 

Ho 

% H 2 SO 4 

Ho 

% H 2 SO 4 

Ho 

5 

+0.24 

30 

-1.54 

55 

-3.79 

80 

- 6.82 

10 

-0.16 

35 

-1.90 


-4.32 

85 

- 7.62 

15 


40 

-2,28 

65 

-4.89 

90 

- 8.17 

20 

-0.89 

45 

-2.72 

70 

-5.54 

95 

- 8.74 

25 

-1.22 


-3.23 

75 

-6.16 
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tabulated for round concentrations in Table IV. The values for 
perchloric acid solutions up to 70 per cent are nearly identical 
with those for sulfuric acid of the same concentration. Values 
for moderately concentrated solutions of these and other strong 
acids are plotted in Fig. 3. 

The acidity function is not identical with the pH, it merely 
becomes equal to it in dilute aqueous solution. Neither is it 
equal to — log aH+, which is an essentially undeterminable 



m 


Fig. IX-3. — Acidity functions of moderately concentrated aqueous acids.^i 

quantity. Although the value of Ho measures the tendency of a 
solution to transfer a proton to a neutral base like p-nitroaniline 
or anthraquinone, it does not at all measure the tendency to 
do the same thing to a base of any other electrical charge. The 
tendency to transfer a proton to a base with a single negative 
charge is, for instance, measured by another acidity function 
which is defined by the equation 

(23) 

/HB 

and the values of which may be determined by the use of indica- 
tors like p-nitrophenol and picric acid. The values of Ho and 
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may be very different, thus the magnitude of the former in 
ordinary glacial acetic acid is in the neighborhood of +3.5, that 
of the latter is a negative number of considerable magnitude. 
Because the acidity function is defined in such a way as to 
become identical with the pH in dilute aqueous solution, and 
because the latter involves the negative logarithm of the oxonium- 
ion concentration, a large negative value of Ho implies a.lngh 
acidity. Further as pKa is defined in terms of the negative 
logarithm of the acidity constant, a large negative value implies 
a very weak base. ““ 

The idea of an acidity that increases continuously from watei 
to sulfuric acid offers considerable diflBlculty to those schooled in 
the aquocentric theory of ionization which grew out of Arrhenius’ 
great discoveries. In that theory much was made of the fact 
that metals and insoluble substances like calcium carbonate do 
not dissolve in pure anhydrous acids or in their solutions in 
solvents like benzene; a general parallelism between conductivity 
and acidity was frequently assumed. The data from reactions 
of solids have, however, no bearing on the problem, because the 
vital factor in their occurrence or suppression is so often the 
formation of an impervious and insoluble coating. Thus it is 
common knowledge that cast iron is a useful material in which 
to carry out reactions in strong sulfuric acid, whereas the metal 
dissolves readily in dilute acid. But the reason it does not 
dissolve in the strong acid is because it is passive, which means 
that it has become covered with an impervious and insoluble 
layer of oxide. Such phenomena have nothing whatsoever to 
do with the acidity of the solutions. As for the conductivity of 
sulfuric acid-water systems, this is due to the ions that are pro- 
duced by the reaction 

H2SO4 + H2O ;:± OH3+ + HSO4- (IX) 

At one end of the scale of compositions the extent of this reaction 
is limited by the amount of sulfuric acid present, at the other by 
the amount of water; consequently, the conductivity rises to a 
m ax i mum in the intermediate region.^® The mfl-xiTYrnTn does not 

** Evans, /. Chem. Soc., 1020 (1927). 

*» Hail and Vogb, J. Am. Chem. Soc., 56, 239 (1933). 
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appear at the equimolal mixture, presumably because of the 
important influence that viscosity exerts upon conductivity. 

For some purposes it is convenient to define another function 
ho related to if o in the same way that oxonium-ion concentration 
is to pH, viz,, 

Ho - — log Ao (24) 

It follows that 

A. - 1$ (25) 

The Determination of the Strength of Very Weak Bases, — 

The strength of weak bases which are not indicators in the ordi- 
nary sense may be determined when the base and its conjugate 
acid differ appreciably in their ultraviolet absorption.^^ This 
is nearly always the case with aromatic compounds. The prin- 
ciple of the method is the same as that used with indicators, 
the absorption in the ultraviolet being used instead of that in the 
visible region of the spectrum. In practice, it is of course rela- 
tively tedious, and the correction for the medium effect is some- 
what rnore difficult to apply. The values of pKa obtained by 
the method of ultraviolet absorption are listed in Table V. 


Table V. — Steengths ( pKa ) op Weak Bases prom Ultraviolet 

AbsORPTION*^'26 


Benzoic acid —7.26 

Phenylacetic acid —7.59 

Acetophenone —6.03 

p-Methylacetophenone ..... —5.36 


p-Bromacetophenone —6.40 

Propiophenone —6.28 

? 2 -Butyrophenone —6.21 

i-Butyroph^one —6.72 


The typical carbonyl compound acetophenone is, therefore, a 
weaker base than aniline by a factor of nearly it is a little 
weaker than dinitroaniline, but over a thousand times stronger 
than trinitroaniline. Its strength is not very different from 
that of other simple phenyl ketones, but it is over ten times 
stronger than benzoic acid and over one hundred times stronger 
than anthraquinone. Substitution of methyl or bromine in the 


^^Flexser, Hammett, and Dinowall, J. Am. Chem. Soc., 67, 2103 
(1936). 

Flbxser and Hammett, J. Am. Chem. Soc., 60, 885 X1^38), Zucker 
and Hammett, Md., 61, 2785 (1939), 
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ring has a relatively large effect in the direction expected; sub- 
stitution of methyl for hydrogen on the terminal methyl group 
has an opposite effect from that of methyl in the benzene ring. 
A solution of acetophenone in 0.1 m aqueous hydrochloric acid is 
converted to its conjugate acid to the extent of only one part in 
ten million. 



Pig. IX-4. — Solubilities of oxygen compounds in sulfuric acid-water mixtures. 

In principle, any other physical property that changes by a 
sufficiently large amount when a base is converted to its con- 
jugate acid might be employed for the determination of the 
base strength. So also might such a chemical property as the 
fraction of nitration in the meta position. This should, accord- 
ing to theory, increase upon the introduction of a positive 
charge into the molecule and is known to do so with benzal- 
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dehyde, acetophenone, and ethyl benzoate at acidities that 
convert these to their conjugate acids.^® 

The Solubility of Oxygen Compounds in Sulfuric Acid-water 
Mixtures.27 — ^The solubility of organic oxygen compounds varies 
in a striking fashion with the composition of sulfuric acid-water 
mixtures. Some examples are shown in Fig. 4, in which the 
solubility in moles per 1000 g. solvent is plotted against per- 
centage composition of the sulfuric acid-water solvent. Although 
the conversion of the base to the soluble conjugate acid is no 
doubt an important factor in the solubility increase at high acid 
concentrations, it cannot be the sole cause for the following 
reasons. Nitrobenzene is only partly ionized in pure sulfuric 
acid (page 47) and shows a rapid increase in solubility at acid 
concentrations at which, therefore, not more than one millionth 
of it can possibly be converted to the conjugate acid. Dinitro- 
benzene and trinitrotoluene are soluble but nonionized (page 
47) in sulfuric acid, yet show a rapid increase in solubility with 
acid concentration.^® Finally, the pKa estimated for benzoic 
acid on the assumption that the solubility increase is due only to 
its basic properties is 1.4 units too low,^^ Obviously sulfuric 
acid may dissolve these substances by virtue of some other 
property than that of converting them to their conjugate acids. 

Acidity Function and Reaction Rate. — Some acid-catalyzed 
reactions exhibit a simple relation between rate and acidity 
function in moderately concentrated solutions of strong acids. ^ 
This is notably so of the sucrose hydrolysis for which log k is 
plotted against Hq in Fig. 5 for data that cover a thousandfold 
variation in specific rate. Except for the data on trichloracetic 
acid the agreement with a straight line of unit slope is excellent. 
For no other measure of acidity is any agreement found, the 
ratio of the rates in 4m and 0.1m HCl being, e.g,, 5.5 times greater 
than the ratio of the oxonium-ion concentrations. It follows, 
therefore, that the specific rate k is proportional to h, i,e., to 
The cause of the deviation in the case of trichlor- 
acetic acid is not knowm, it might be due to esterification of the 

Bakee, /. Chem. Soc., 307 (1931); Baker and Het, 1226; 2917 (1932). 
^ Hammett and Chapman, /. Am. Chem, Soc,, 66, 1282 (1934). 

Hough, Savage, and van Marls, Chem, Met, Bng,^ 23, 666 (1920). 

Hammett and Paxil, J, Am, Chem, Soc,^ 66, 830 (1934). 
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sucrose hydroxyls, yielding an ester more susceptible to hydroly- 
sis than sucrose. A similar relation between rate and acidity 
function obtains in the hydrolysis of cyanamide in nitric acid 
solutions of concentrations up to 5 m, 

On the other hand, the enolization of acetophenone®^ shows 
very poor correlation between specific rate and acidity function 



Fig. IX-5. — Relation between iSTo and velocity constant for hydrolysis of 
sucrose: O, HCIO4 0.5-4 M; □, H2SO4 0.25-3.77 M; O, HCI 0.5-4 M; At 
HNOs 0.5-6.95 M; X, CClaCOOH 0,5-4 ilf, all from data of Hantzsch and 
Weiasberger. HCI 0.28-3.08 M; A, HNO» 0.19-3.08 M, data of Armstrong 
and Wheeler and of Worley. ©, 0.1 N HCI + KCrO-3 M; Q, 0.1 N HCI + 
BaCh 0-1.3 JW, data of Kautz and Robinson.** 

but a satisfactory proportionality between rate and concentration 
of oxonium ion (i.e., stoichiometric concentration of acid) in 
perchloric acid solutions up to 3.6m (Fig. 6). The behavior in 
sulfuric acid solutions is more complicated, presumably because 
bisulfate ion is a catalyst of considerable efficiency for this reac- 
tion. The correlation between rate and acidity function also 

’®ZucKiiRand Hammett, J. Am. Chem. Soc., 61, 2791 ( 1939 ). 
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fails for the enolization of m-nitroacetophenone in sulfuric-acid- 
acetic-acid solutions.®^ 

The difference between the behavior of the sucrose and cyan- 
amide reactions, on the one 
hand, and the acetophenone 
reaction, on the other, may 
probably be attributed to the 
fact that the latter reaction 
shows a general acid catalysis 
while the sucrose reaction does 
not (unless the trichloracetic 
deviation is due to catalysis by 
the molecular acid). If the 
rate-determining step in the 
sucrose hydrolysis is a first- 
order reaction of the conjugate 
acid of sucrose, SH+, the rate 
must be given by 



'HC104 

Fig. IX-6. — Relation between specific 
rate of enolization of acetophenone and 
concentration of perchloric acid.®° 


V = fc2[SH+] 


/8H+ 


(26) 


in which /x+ is the activity coeflS.cient of the transition state. 
By the law of equilibrium 



“ (IHsO fsB* 

(27) 

hence 

, „ [S][0H3+]/s/0H.* 

V — ^ 

ttHaO JX+ 

(28) 

and 

fc = 

(29) 

By virtue of this and the definition of Ao [equation 
condition for proportionality between k and Ao is that 

(26)] the 


= constant 

Jx+/b 

(30) 


This is not unreasonable since it implies merely that the activity 
Paul and Hammett, Am, Chem, Soc,, 58, 2182 (1936). 
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coefficient of the transition state, which is an activated complex 
of sucrose plus a proton, bears a ratio to that of sucrose which is 
affected by the medium in the same way as the ratio /bh+//b for 
any base. 

In the enolization of acetophenone, a mobile and reversible 
conversion of the ketone K to its conjugate acid KH+ is followed 
by a rate-determining conversion to the enol E 


The rate equation is 


hence 


K + 0H,+ I±KH+ + H20 

(XII) 

KH+ + HjO ^ E + OHj+ 

(XIII) 

V = 

(31) 

0 = kiKilKiaoK.*^ 

(32) 

k = *ii?i[OH8+] 

(33) 


The necessary condition for the observed proportionality between 
k and [OHs"^] is therefore that 


/k/o^ = constant (34) 


This is again not unreasonable, for the transition state has the 
structure (A) 


H H' 

I ^ 

CeHj- C - C-H- O 

I I N 

OH H 

1 

H 

w 


In addition to acetophenone and a proton this contains a water 
molecule that is in the course of becoming an oxonium ion. The 
two substances the activity coefficients of which appear in the 
numerator of equation (34) also contain acetophenone, a proton, 
and a water molecule, and this may be the reason that the ratio 
is constant. 
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On this theory the difference in the behavior of the sucrose 
reaction and the enolization arises from the presence of a molecule 
of the solvent in the transition state in the latter case. If this 
distinction can be upheld as a general one, it offers considerable 
promise as a tool for the investigation of reaction mechanisms. 

Still other kinds of behavior appear in reactions for which par- 
ticular acids are specific catalysts. Thus the rearrangement of 
JV-chloracetanilide is specifically catalyzed by hydrochloric acid, 
other acids being comparatively ineffective (page 327). The 
chlorine part of the HCl must, therefore, be as important as 
the hydrogen part; for the same reason the rate varies with the 
activity of molecular HCl which is the same thing as the product 
of the activities of oxonium and chloride ions.®^ Since this 
varies approximately as the square of the stoichiometric concen- 
tration of acid, the reaction shows an especially rapid increase in 
rate with increasing acid concentration. 

Reactions in the Solvent Sulfuric Acid. — ^The extension to more 
concentrated acid solutions of the study of reactions the rate of 
which is measurable in dilute ones reaches an early limit, either 
because the rate becomes unmeasurably large or because of a 
change in mechanism (page 231), and no kinetic data are avail- 
able on reactions in the intermediate range of acid concentra- 
tions. At the high end of the range, however, a number of 
reactions that occur in dilute solutions in the solvent sulfuric acid 
have been extensively studied as examples of negative catalysis. 
Thus the decomposition of formic acid, the equation of which, 
usually written 

HCO 2 H CO -f H 2 O (XIV) 

is more accurately expressed as 

HCO 2 H + H 2 SO 4 CO + OH 3 + -h HSO 4 ” (XV) 

goes at a hundredfold smaller rate in 95 per cent sulfuric acid 
than in the pure acid.®® Formally, this is a negative catalysis 
by water, no more so, however, than is the retardation produced 
by ammonia in the HCl catalyzed hydrolysis of sucrose in dilute 
aquoous solution. Water is a strong base in sulfuric acid, and 

Habnbb and Seltz, J, Am. Chem, Soc.^ 44, 1475 (1922). 

»» Db Right, J. Am. Chem. Soc.j 66, 4761 (1933). 
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the specific rate of the formic acid decomposition is directly 
proportional to the quantity Ao, as the plot of Fig. 7 demonstrates, 
the log fc-Ho plot being linear with unit slope. The reaction is, 
therefore, an acid-catalyzed one inhibited by the base water. A 
more detailed analysis follows. 

Per Cen+ H 2 SO 4 



Fig. IX-7, — Relation between specific rate of the formic acid decomposition and 
the acidity function Ro. 

Properties of Solutions in the Solvent Sulfuric Acid.®® — Sul- 
furic acid differs from other amphiprotic solvents chiefly in the 
small magnitude of the interionic forces operating in it and the 
large magnitude of its autoprotolysis. The first property is 
overwhelmingly evidenced by freezing point, solubility, and 
indicator data; according to theory it must result from a very 
high dielectric constant, although this has not been measured. 
By virtue of it one may treat activity coefldcients as constants 
over the range from the pure solvent to an ionic strength of 3 or 
more. Because of the large autoprotolysis, effects due to the 
presence of the lyonium and lyate ions of the solvent (H3SO4+ 
and HS 04 “') are much more important than they are, for instance, 

Hammett, Chem. Rev,, 16, 67 (1935). 

^ (a) Hammett and Dbyeup, J, Am, Chem. Soc,, 66 , 1900 (1933). (6) 

Hammett and Lowenhbim, ibid,, 66, 2620 (1934). (c) Treppers and 
Hammett, ibid,, 69, 1708 (1937). 
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in aqueous solution. There is also a dissociation of the solvent 
into SO 3 and H 2 O, both of which react further to form ions as is 
evidenced by the marked increase in the conductivity of sulfuric 
acid produced by the addition of either, 

A plot of the freezing point of SO3 — ^H20 mixtures in the 
neighborhood of the 1:1 mixture, i.e., of pure H2SO4, is shown 
in Fig. 8, the temperatures being on an arbitrary scale. 
Starting from the freezing-point maximum which necessarily 
appears at the composition of pure H2SO4, the addition of water 



Fig. IX“ 8 . — Relation between freezing point on an arbitrary scale and composi- 
tion of SO8-H2O mixtures in the neighborhood of the composition of H 2 S 04 .®®“ 

produces a decrease in freezing point which, after a short curved 
section, is linear with a slope of 11.85 deg./mole., only 6 per cent 
less than that calculated for a binary strong electrolyte subject 
to no interionic forces. The initial curvature results from the 
autoprotolysis and the SOs decomposition. With respect to the 
former effect 

2H2SO4 ;=± H,S04+ + HSO4- (XVI) 

the law of equilibrium takes the form for dilute solutions 

[H8S04+][HS04i - Ki (35) 

because activity coefficients are constant and the activity of the 
solvent does not vary greatly. As the addition of water pro- 

*®Lichty, J . Am, Chem, Soc.f 30 , 1834 (1908). 
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duces bisulfate ions by virtue of reaction (IX), it must decrease 
the concentration of H3S04'^ if equation (35) is to hold, and the 
consequent repression of the solvent ionization decreases the 
concentration of HS04“" as well as that of H3S04’^. If a is 
the concentration of H3S04'^ or of HS04"“ in the pure acid, c the 
stoichiometric concentration of water, and a — x the concentra- 
tion of H3SO4+ after the addition of the water, the total ion 
concentration of the solution is 2c + 2 (a — a;), and the increase 
over the value in the pure solvent is 2(c — a:); c moles of water 
yield, therefore, less than 2c moles of ions. Since x cannot be 
greater than a, it becomes negligible in comparison with c when 
a; consequently, at high concentrations of water each mole 
of water yields practically two moles of ions, and the freezing- 
point plot becomes linear with a slope twice the value of the 
cryoscopic constant. 

The sulfur trioxide dissociation of the solvent complicates the 
quantitative treatment but does not alter the qualitative effect. 
Since water is converted into oxonium ion, the process must be 
written 


2H2SO4 ^ SO3 + OH3+ + HS04“ (XVI I) 

with some ionization process for the SO3, probably 

SO3 + 2H2SO4 H3SO4+ + HS2O7- (XVI 1 1) 

superposed. Since reaction (XVII) produces oxonium and 
bisulfate ions, it must also be repressed by the addition of water 
the ionization of which yields the same ions. 

If some other base than water, such as NaHS04 which consists 
of sodium ions and bisulfate ions or ammonia which reacts to 
form ammonium ions and bisulfate ions, is added, the solvent 
dissociation wiU again be repressed and the increase in solute 
concentration will again be less than two moles per mole of base. 
But if the base is added to sulfuric acid that already contains 
enough water to make x nearly as great as a, the further repres- 
sion produces no significant change in solute concentration, and 
the molar freezing-point depression will be twice that of a non- 
electrolyte. The complications due to the ionization of the 
solvent may, therefore, be completely eliminated by using sul- 
furic acid containing a small amount of water instead of pure 
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sulfuric acid as the solvent for the cryoscopic investigation of 
bases. 

From the thermodjrnamic equation 


CLk+CLksOa- 


= K. 


UH2S04 

and the definition of Hoj it follows that 


= — log 


Uhs04-/bH+ 


(36) 

(37) 


and since activity coefficients and the activity of the solvent are 
effectively constant in dilute solutions 


Ho = log [HSO 4 -] + Cl (38) 

with Cl a constant. Prom equation (35) it follows further that 

0 = - log [H3SO4+] + C2 (39) 

Equations (38) and (39) relate fl’o to the characteristic lyate- and 
lyonium-ion concentrations of the solvent in the same way that 
the equations pH = log [OH“] + 14 and pH — — log [OHs”^] 
do with the pH in water. 

Since log k in the formic acid decomposition is linear in Hq with 
a slope of —1, equations (38) and (39) imply that for this reaction 

log fc = - log [HS 04 '"] + C3 = log [H 3 SO 4 +] + C4 
or 

^ - [ufe - 

The rate is, therefore, proportional to the concentration of the 
lyonium ion and inversely proportional to that of the lyate ion, 
just as the rate of an acid-catalyzed reaction in aqueous solution 
varies directly with the concentration of oxonium ion and 
inversely with that of hydroxyl ion. 

Inhibition by Other Bases Than Water. — The effect of other 
bases than water has been extensively investigated in the closely 
related decomposition of malic acid, in which carbon monoxide 
is likewise produced from the carboxyl group and for which k 
is likewise proportional to ho in dilute solutions of the solute 
water. In Fig. 9 the specific rate at 40° (in unknown units) 
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is plotted against the stoichiometric concentration of added base 
for the bases water, sodium, potassium and silver bisulfates, 
dimethylpyrone, and acetic acid.^^ Each of these yields one mole 
of bisulfate ion per mole of base; the solutions contain in addition 
the bisulfate ion that results from the solvent ionization; hence 
the plot is not linear. Except for those referring to acetic acid, 
the divergence of which may be due to its interaction with the 
hydroxyl group of the malic acid, the points all lie on a single 



o H^O O Dlme+hylpyrone 

0KHSO4 oAgHS 04 

O Ace+ic acid o No HSO 4 

Fig. IX-d. — Effect of bases on the specific rate of the malic acid decomposition. 

curve. This demonstrates that the rate is, in fact, an inverse 
function of the bisulfate-ion concentration. 

The effect of a large number of other solutes upon the same 
reaction has been investigated^ at the two concentrations 0.25m 
and 0.5m. At 30° the specific rate (in unknown units) in pure 
sulfuric acid is 0.0471. The following substances, present in 
0 . 6 m concentration, reduce this to the value given: benzophenone, 
0.0133; benzoic acid, 0.0141; acetophenone, 0.0158. These bases 
are known (page 47) to yield one mole of bisulfate ion per mole 
of base; the rates are, therefore, nearly identical. The following 

37 Whitford, J, Am. Chem. Soc., 47, 953 (1925). 

Dittmak, J. Am. Chem. Soc.^ 62, 2746 (1930). 
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substances, known to yield two moles of bisulfate ion per mole 
of base, have the same effect at 0.25m as the others do at 0.6m, 
viz,: ammonium sulfate, 0.0139; triphenylcarbinol, 0.0166. To 
judge by the kinetic data, crotonic, o-toluic, and phosphoric acids 
yield one mole of bisulfate ion per mole of base; phenol and 
p-cresol, between one and two; ethyl alcohol and 7?i~nitrophenol, 
less than one; benzoic anhydride, which reduces the rate to a very 
low value, probably esterifies the hydroxyl group in the malic 
acid. 

Mechanism of the Acid Decompositions. — It is reasonable that 
these reactions should show an acid catalysis. Whatever their 
detailed mechanism, they necessarily involve the separation of 
the group attached to the carboxyl in the form of a positive ion. 
This is most easily appreciated in the case of triphenylacetic 
acid, the decomposition of which 

(C6H6)8C " COgH "j- 2 H 2 SO 4 — > (C6H5)3C'*‘ *4" OHs"^ “1" 2HS04““ -j* CO 

(XIX) 

yields an ion stable in the medium, but it is inevitably true in 
aU similar reactions. Such a rupture must be facilitated by the 
accumulation of protons on the carboxyl group, and this is a 
suflBicient condition for an acid catalysis. 

Formic acid is probably not significantly ionized in sulfuric 
acid because the specific rate of its decomposition drops off with 
time in pure sulfuric acid. Were the formic acid ionized, the 
decomposition 

HC(0H)2+ ^ OH 3 + + CO (XX) 

would not alter the acidity of the medium and the specific rate 
would be unchanged. If the mechanism is 


0 ‘ 

H-c" +H,S04+; 
O- H 


O' 

❖ 

H- C H 
\ /■ 

O 

H 


+ H2SO4 


O' T 

H - C [HCO]+ + H 3 O 

"0H2. 

[HCO]+ + H 4 SO 4 CO + H 3 SO 4 + 


(XXI) 


(XXII) 


(XXIII) 
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with either reaction (XXI) or (XXII) rate determining, the 
observed relation between rate and acidity follows. 

In the analogous decomposition of oxalic acid®® the plot of log 
k against Ho shows a slope of —2 as the following data indicate; 


% HjO 


0.70 



1.20 

1.50 

2.00 

3.00 

log A; 

-1.74 

-1.88 

-1.99 

-2.17 

-2.31 

-2.50 

-2.70 

-3.23 

-(2Ho +log k) 


20.72 

20.75 

20.75 

20.71 

20.74 

20.68 

20.67 


Such a relationship can be accounted for by the reversible 
addition of one proton to form (B) followed by the rate-deter- 


r *6 6 * ' 

+ 

H- 0 O' 

❖ ❖ 


\' <• 

0 

1 

0 

X 


•C-C H 



' 

X 

1 

0 

0 


0 

0 

1 

X 




L HJ 


L hJ 


{B) (C) 

mining addition of a second proton to form (C) and a rapid break- 
down into fragments which are j&nally converted to CO 2 and CO. 

The decomposition of citric acid^® to form acetonedicarboxylic 
acid and carbon monoxide also shows a slope of —2 in the log 
k ^ Ho plot over a considerable range, but the rate goes through 
a maximum in the region of 99.5 per cent H2SO4 instead of 
increasing steadily. Such maxima have also been observed in 
acid-catalyzed reactions in aqueous solution and imply merely 
that the rate-determining step involves a substance or a group of 
substances whose concentration or the product of whose concen- 
trations goes through a maximum in the solution of maximum 
rate. Thus a reaction the rate of which is proportional to the 
concentration of the acid oxalate ion HC2O4" must show a maxi- 
mum rate in a solution that is neither so acid that the HC2O4” is 
converted largely to H 2 C 2 O 4 nor so basic that it is converted 
largely to C2O4"". Given 14 unshared electron pairs in citric 
acid, each of which might conceivably add a proton, the appear- 
ance of the maximum in its reaction rate is not surprising. The 

Lichty and Brbdig, Z. Elektrochem., 12, 469 (1906). Lichtt, J, Phys, 
Chem,, 11, 226 (1907). 

WiiG, J, Am, Chem, Soc,, 62, 4729 (1980). 
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decomposition of triphenylacetic acid shows a slope of 3, which 
implies a third-order dependence of rate on acidity. There can 
be little doubt that nitration and the many other reactions for 
which sulfuric acid is the standard condensing agent are acid 
catalyzed in the same sense as these decompositions, but kinetic 
data for their interpretation are still lacking. 

Acid and Base Catalysis of Acetylation Reactions. — The 
behavior of acetylation reactions in an acetic acid solvent offers 
a striking example of the utility of the concept of acid and base 



-3.0 -1.0 +L0 +3.0 


P^CKAc) 

Fig. IX-10. — Comparison of the specific rate h of the acetylation of /3-naphthoI 
in acetic acid with the electrometrically determined acidity PhCHAc).'*^ 

catalysis in nonaqueous solutions. It has long been known that 
acetic anhydride is a relatively unreactive reagent by itself and 
that a “condensing agent must be used, such diverse substances 
as sulfuric acid, sodium acetate, and tertiary amines being 
recommended. A kinetic study of the reaction^^ has led to the 
relationship between the specific rate of the acetylation of 
jS-naphthol by acetic anhydride in acetic acid and an electro- 
metrically determined acidity which is shown in Fig. 10. The 
points on the left branch of the curve at high acidities were 
obtained by using such strong acids as perchloric, sulfuric, and 

CoNANT and Bramann, /. Am, Chem. Soc,, 50, 2306 (1928). 
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naphthalenesulfonic or buffer solutions of these with weak bases. 
Since they lie on a single straight line of unit slope in the logarith- 
mic plot, the reaction appears to follow a specific lyonium-ion 
catalysis, Le,, a catalysis by the solvated proton, CH3C(OH)2"^. 
As the acidity decreases, the rate goes through a minimum and 
rises again, showing the presence of a basic catalysis. The points 
due to pyridine (squares) lie higher than those due to sodium or 
potassium acetate (circles) ; consequently, a general basic 
catalysis is indicated. 

The phenomenon of a minimum rate at a definite pH with 
catalysis both by acids and by bases is a familiar one in aqueous 
solutions, and the plot of Fig. 10 could be duplicated in most 
of its features in the hydrolysis of an ester, the bromination of 
a ketone, or the mutarotation of glucose. 

The acetylation of cellulose is catalyzed by acids in proportion 
to their inherent acid strength. Thus HCl and H3PO4 are much 
poorer catalysts than HCIO4, H2SO4, and The^'unexpected 

fact that mixtures of H3PO4, HCl, or ZnCU with NaC 104 are 
much better catalysts than either component alone can be 
accounted for if molecular HCIO4 is a very powerful catalyst in 
agreement with its great inherent acidity. 

Acid Catalysis in Aniline and Related Solvents. — The work of 
Goldschmidt in aniline and related solvents, begun in 1899,^^ 
foreshadowed many of the present conclusions of acid-base 
theory. Using the rate of the diazoamino rearrangement (page 
325) as a measure of acidity, he found it proportional to the 
concentration of acid, i.e., to the concentration of anilinium ion 
formed from the acid. The catalytic constants times 10® at 
46° in p-toluidine are as follows: HBr, 4.69; HCl, 2.94; picric 
acid, 6.1; o-nitrobenzoic acid, 0.483; m-nitrobenzoic acid, 0.172; 
p-nitrobenzoic acid, 0.169. Similar results are obtained wdth 
solutions in aniline and in m-chloraniline, the rates being about 
an order of magnitude greater in aniline and considerably greater 
yet in m-chloraniline. This is in the order of the acid strengths 
of the conjugate acids of these bases. The conductivity of acids 
in these solvents bears no relation to the magnitude of the 

** KBtS’onii and Roman, An^gjew. Chem.j 47, 58 (1934). 

Reviewed in Groldschinidt, Z, Elektrochem^f 36, 662 (1930), 
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catalytic constant, a common phenomenon in solvents of low 
dielectric constant. 

Bromide ion added as the salt C 6 H 6 N(CH 3 ) 3 '^ + Br- has little 
effect on the rate in aniline or in p-toluidine but decreases it 
50 per cent when one mole of salt is added to one mole of HBr in 
m-chloraniline. It appears, therefore, that HBr is a strong acid, 
i.e.j the reaction 

HBr + CeHfiNHa ;:± C6H5NH5+ + Br" (XXIV) 

is effectively complete, in the first two solvents, but is incom- 
pletely ionized in the less basic chlorine derivative. 

Moderately strong bases decrease the rate of the HBr catalyzed 
reaction, and the basicity constant 


* [B][C6H5NH»+] 


(41) 


may be calculated from the decrease in rate. The value of Kt 
thus calculated is nearly independent of the concentrations of 
HBr and of base, and the same value is obtained with other acids 
than HBr. For a series of 12 aliphatic tertiary amines and pyri- 
dine derivatives the values of Xg parallel the basicity constants in 
water the equation 

log Xg = - 3.78 + 0.83 log (42) 

being satisfied with a median deviation of 0.18 and a range of 
6 units in log Zg. 

Acid and Base Catalysis in Other Amphiprotic Solvents. — The 
xutranoide decomposition in m-cresol shows a general base cataly- 
sis, and the catalytic constants are related to the base strengths of 
catalysts of related structure by the Br0nsted law.^^ Base 
strengths in this solvent deviate considerably from exact parallel- 
ism with the strengths of the same bases in water, and the 
parallelism between rate and base strength is much closer when 
the base strengths measured in cresol are used than it is with the 
strengths measured in water. The nitramide catalysis has also 
been studied in i-amyl alcohol, and the catalytic constants show 

^*BR0NSTBn, Nicholson, and Delbanco, Z, 'phynk. Chem., A169, 379 
(1934). 
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a parallelism to the base strengths in water, those in i-amyl 
alcohol being unknown.^® 

Catalysis in Aprotic Solvents. — Catalysis in a solvent that is of 
negligible acidity and basicity, a so-called aprotic solvent, is 
necessarily of the general type, for no appreciable concentrations 
of either lyonium or lyate ions are present. In this sense the 
phenomena are simpler than in solvents in which^ the solvent 
molecules are both acid and base, and are converted by 
other acids and bases to the lyonium and lyate ions. Against 
this advantage are the many disadvantages that cluster around 
the investigation of ionic reactions in a medium of low dielectric 
constant. 

The diazoacetic ester decomposition has been used for many 
years for the determination of oxonium-ion concentration in 
aqueous solution and is a specific oxonium-ion catalysis in 
water. The chief reaction under these conditions is the forma- 
tion of glycollic acid 

CaHaOOC.CHNa + HgO CsHbOOCCHsOH + Ng (XXV) 
which follows the rate law 

V = fci[ester][OH 3 +] (43) 

In the presence of halide or nitrate ions it is accompanied by 
such reactions as 

C 2 HSOOCCHN 2 + HCI C 2 H 6 OOCCH 2 CI -1- N 2 (XXVI) 

which follow the rate law 

V = fc 2 [ester][OH 3 +][Cli (44) 

A plausible mechanism involves the reversible addition of the 
proton 

CaHfiOOCCHNa + OH 3 + C 2 H 6 OOCCH 2 N 2 + + H 2 O (XXVI I) 

after which glycollic and halogen or nitratoacetic ester are formed 
by competition between the reactions 

C 2 H 6 OOCCH 2 N 2 + + H 2 O [C3H500CCH20H21+ + N 2 (XXVIII) 
CsHsOOCCHaNs'i^ + Cl” C 2 H 6 OOCCH 2 CI + Nj (XXIX) 

^ Bb0nstei> and Vance, Z, physih, Chem,, A163, 240 (1932). 

^ Brepig and Ripley, Ber., 40, 4015 (1907). Be0nstbd and Durrs, 
Z, physik, Chem., 117, 299 (1925). 
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It is, therefore, not surprising to find that in the solvent ben- 
zene^^ the reaction of diazoacetic ester with the halogen acetic 
acids or with formic or picric acid is approximately second order 
in the acid. One molecule plays the part of the oxonium ion in 
reaction (XXVII), the other reacts with the ion thus formed in 
the same way as the water in equation (XXVIII). The situation 
is complicated by the known fact that most of these acids are 
largely associated to a dimeric form in this solvent; the order of 
the reaction, somewhat less than 2, may perhaps result from a 
partial dissociation of the dimer to a more reactive monomer. 
The addition of a small concentration of phenol considerably 
increases the rate of nitrogen evolution, presumably by way of a 
new fast reaction to form phenoxyacetic ester. The rate is 
proportional both to the concentration of the phenol and to that 
of the catalyzing acid. The catalytic constants for the reaction 
with phenol satisfy the Br0nsted law with moderate precision 
when the acid strengths that obtain in aqueous solution are 
used in default of those in benzene (page 290). 

The rates of reaction of di-p-tolyldiazomethane with various 
derivatives of benzoic acid in benzene is first order in diazo 
compound and first order in the acid. They are approximately in 
the order of the acid strengths. 

Important studies on acid catalysis in aprotic solvents, 
especially in chlorobenzene, have been carried out with the 
rearrangement of iV-bromacetanilide, the depolymerization of 
paraldehyde, the inversion of Z-menthone, and the racemization 
of OeHfiCO— CH(CH3)— CeHs and of CeHsCO— CH(CH3)— 
C 2 H 5 .^® The reactions are in no case of integral order. With 
respect to the substrate the order is somewhat less than unity 
in every case except the paraldehyde reaction in which it is unity. 
This can be interpreted as the result of complex formation of the 
hydrogen bonding type between substrate and acid if the com- 
plex is unreactive. There is direct evidence in the menthone 

BR0NSTED and Bell, J, Am. Chem. Soc., 63, 2478 (1931). 

48 Norris and Strain, /. Am. Chem. Soc.^ 67, 187 (1^6), 

49 Bell, Proc. Roy. Soc. (London), A143, 377 (1934). Bell and Levinge, 
ibid., A16i, 211 (1935). Bell, Lidwbll, and Vaxtghan- Jackson, J. Chem. 
Soc., 1792 (1936). Bell and Caldin, iUd., 382 (1938). Bell, Lidwell, 
and Wright, ibid., 1861 (1938). 
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case for the rapid and reversible formation of complexes of 
menthone and acid in the effect of acids on the optical rotation 
of the menthone solution. 

The dependence of the specific rate on acid concentration c 
may be expressed in the case of weaker acids by 

k = khP + a\/c (45) 

in the case of stronger acids by 

k == Aac + (46) 

The latter equation also fits the diazoacetic ester reaction. In 
the paraldehyde reaction the order is between 1.5 and 2.5 with 
respect to the acid concentration. 

The fractional orders may be attributed to complex formation 
between substrate and acid; to the necessity of two molecules 
reacting, one as acid, the other as base; or to the usual difiSculty 
of interpreting electrochemical phenomena in solvents of this 
type. 


Table VI. — Genbeal Acid Catalysis in Apeotic Solvents** 


Reaction, medium, temperature 

n 

r 

X 

Diazoacetic ester + phenol, benzene, 15° 

6 

0.16 

1.0 

Bromacetanilide, chlorbenzene, 15° 

8 

0.01 

0.30 

Paraldehyde, anisole, 100.5° 

3 

0.12 

1.2 

Menthone, chlorbenzene, 99.4° 

6 

0.06 

0.55 

Phenylmethylacetophenone, chlorbenzene, 99.4° 

4 

0.13 

0.80 


The catal 3 rtic constants Aa given by equation (45) or (46) 
satisfy the Br0nsted catalysis law with reasonable precision when 
acid strengths measured in water are applied, provided that 
carboxylic acids only are involved. The point for picric acid 
deviates widely. Data on the carboxylic acids are given in 
Table VI, x being the slope, r the probable error, and n the num- 
ber of acids. The specific rate of the paraldehyde reaction 
varies in the ratio 328:11.5:0.35 among nitrobenzene, benzene, 
and anisole solutions; the other reactions run at about the same 
rates in anisole, nitrobenzene, chlorbenzene, decalin and the like. 


CHAPTER X 


CARBONIUM-ION REACTIONS 

On the Methods of Preparative Organic Chemistry* — ^The 
molecule of the typical carbon compound is a stable structure 
surrounded by electrical fields which are most effective walls of 
defense against reaction. The problem of the synthetic chemist 
has been therefore to discover the weak points in the walls and to 
develop powerful agents of attack, which shall nevertheless not 
be so violent as to bring the whole structure to ruins. To a 
remarkable extent the resulting tactics fall into three groups. 
In one of these, the carbonium^on reactions^ a carbonium ion is 
either formed as an intermediate or transferred, without being 
set free, from one linkage to another. In a second group, the 
carbonyl-addition reactions, a nucleophilic reagent is added to 
the carbon of a carbonyl or similar group. In the third, the 
radical reactions, the attacking reagent is an atom or a free radical. 

The Sources of Carbonium Ions: Alkyl Halides, Etc. — The 
common feature of all carbonium-ion reactions is the linking of a 
carbonium ion to a nucleophilic reagent; the source of the car- 
bonium ion and the nature of the driving force that sets it free 
or loosens its previous linkage so that it is easily transferred to 
a new one differ from case to case. When the carbonium carbon 
is initially attached to a weakly nucleophilic group, as it is in 
alkyl halides, toluenesulfonates, and sulfates, in quaternary 
ammonium ions, and in the conjugate acids of alcohols (ROH 2 '^) 
and the like, the carbonium-ion type of reaction may occur by 
direct transfer to a nucleophilic reagent. These are the nucleo- 
philic displacements on carbon (page 143), and the driving force 
is the aflGbaity of the unshared electron pairs of the reagent for 
the carbonium ion. The same reactions may be initiated by the 
attack of an electrophilic reagent, i.e., by the action of mercuric 
or silver salts or of aluminum chloride on alkyl halides (page 138) ; 
by the action of strong acids or of boron fluoride or aluminum 
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chloride on alcohols and other oxygen compounds (page 140); 
by the action of solvent molecules in the solvolytic process (page 
167); in fact, by the action of any sufficiently active electrophilic 
reagent on a carbon compound that contains unshared electron 
pairs. In this case it is convenient to refer to the carbonium ion 
as being set free as an unstable reaction intermediate, but its 
freedom is apparently never complete (page 171). The reactions 
that depend upon an electrophilic attack may be differentiated 
from the nucleophilic displacements by the nature of the reagents 
used, by the effect of changing structure of the alkyl group (page 
169), and by the extent to which racemization (page 170) or 
rearrangement (page 315) of the carbonium ion occurs. 

Carbonium Ions from Olefins. — ^Altogether the most satis- 
factory explanation of the complex set of reactions, involving 
hydration, the formation of sulfuric esters, condensations, 
polymerization, and rearrangement, which accompany the solu- 
tion of an olefin in strong sulfuric acid, is in terms of a carbo- 
nium-ion intermediate.^ With the more reactive olefins the 
hydration may be studied kinetically in dilute aqueous acids.* 
The hydration of trimethylethylene, of os-methylethylethylene, 
and of crotonaldehyde are second-order reactions of olefin with 
acid. The specific rates for various strong acids are nearly the 
same; in the case of trimethylethylene at 25® in 0.1m acid solution 
they are as follows: HCl, 2.52 X 10“*; HCIO4, 2.37 X 10“*; 
HBr, 2.34 X 10“*; HNOs, 2.25 X 10“*; C7H7SO3H, 2.03 X 10“*. 
The addition of 0.9m KNOs increases the rate to 3.73 X 10“*, 
indicating a relatively large salt effect. In mixtures of HNOs and 
KNOs of constant ionic strength the rate is strictly proportional 
to the concentration of the acid. In view of this and the similar- 
ity of the effects of the different strong acids, the actual reactant 
must be oxonium ion and the mechanism 


CH,- 


CH, H 

C=C- CH, +OHs+:?± 


CH, H 

I I 

CHs - C C “ CHs 

I 


+ H2O (I) 


H 


^ Whitmobb, Ind, Bng. Chem.j 26, 94 (1934). 

2LtrcAS and Ebbrz, J, Am, Chem. Soc., 66, 460 (1934). Lttcas and Ytji, 
i^d., 66, 2138 (1934). Weinstein and Lucas, iUd., 69, 1461 (1937). 
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CHg H 

+ 

CH, H 1 

CHs- C C- CHs 

t 

+ HsO-^ 

0 
X 

1 

— c - CHa 

H 


H- O' 

H 



H J 


The product of reaction (II) is the conjugate acid of the alcohol 
and is in mobile equilibrium with it. The catalysis is of the 
specific oxonium-ion type; the observed first-order constant in 
a 0.105 m solution of acetic acid being 0.30 X 10“®, whereas that 
calculated for the oxonium-ion reaction is 0.28 X 10~®. For 
O.lOlM oxalic acid the corresponding values are 1.2 X 10“® and 
1.0 X lO""®. A specific oxonium-ion catalysis leaves the question 
of the rate-determining step open. 

The reaction is favored by the accumulation of alkyl groups on 
one unsaturated carbon of the olefin since hydration in dilute 
aqueous acids is observed only when two such alkyl groups are 
present. It is hindered by alkyl groups on the other olefin car- 
bon since (CH 3 ) 2 C=CHCH 3 hydrates at a rate 60 per cent less 
than that of (CH 3 ) 2 C=CH 2 . The easy hydration of crotonalde- 
hyde depends upon the conjugation that brings into play the 
relatively high basicity of the oxygen atom, the intermediate 
being (A). The slow hydration of allyl alcohol and of cro tonic 



* 

5- H" 

rH,C- C-"C-'C-'0- H1+ 

HaC- 

c- c" 

L H H H J 

H 

H 5- H 

(^) 


(B) 


acid is intelligible since conjugation is lacking in the first and the 
predominant resonating form in the conjugate acid of the second 
is (5). 

There is independent evidence that unsaturated hydrocarbons 
possess the proton aflSnity which equation (I) implies in the 
fact that they dissolve in liquid hydrofluoric acid, whereas 
saturated hydrocarbons do not.* Olefins polymerize to high 
molecular weight substances of low solubility, a reaction that 
itself probably goes by way of a proton addition (page 307) 

* Klatt, Z. anarg, aUgem, Chem., 234, 189 (1937). 
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but aromatic hydrocarbons dissolve without such complications 
and may be recovered unchanged. The solubilities of benzene, 
toluene, anthracene, m- and o-xylene, and tetrahydronaphthalene 
range from 0.23 to 3.11 per cent at 0®c. The solutions are 
colored, and the rate of solution is far from instantaneous. 
Electrophilic reagents like Hg(CN) 2 , Hg(N 3 ) 2 , AgNs, AgF, and 
TIF increase the solubility of the hydrocarbon and are them- 
selves more soluble in its presence, which indicates that they 
displace the equilibrium between hydrocarbon and HF 

C6H6-t-HF^C,H7+ + F- (III) 

by combining with fluoride ion, e.g., 

Hg++ -b 4F“^ HgFi” (IV) 

The two reactions are thus mutually helpful. 

Diazotization. — The first unambiguously known product of the 
■action of nitrous acid on amines is the diazonium ion. The 
kinetics have been thoroughly investigated in the case of aniline 
the rate law in aqueous sulfuric acid being 

^ ^ fci[C«H5NHg-][]^ 02P ^ fci[C3H3NH2][HN02]= (1) 

and that in hydrochloric acid shows an additional reaction which 
makes the complete equation 

t; - [C6H5NH2l{/ci[HN02]2 + A2[HN02l[0H3+][Cl-]} (2) 

These kinetics may be accounted for if the rate-determining steps 
involve aniline base and either N2O3 or NOCl formed by the 
mobile and reversible reactions^ 


2HN02:;=^N203 + H 2 O 

HNO 2 + OH,+ + CI-;;:± NOCl + 2 H 2 O 



All nitrous acid derivatives contain, at least in one resonance 
form, a nitrogen atom carrying only six electrons, which, together 
with the unshared pair on the aniline nitrogen, is the probable 
source of the nitrogen-nitrogen link in the diazonium ion, thus 


‘‘Schmid and M-cthb, Ber,j 70B, 421 (1937). 

* Abel, Schmid, and Weiss, Z» physiJc. Chem.j A147, 69 (1930). 



CABBONIUM-ION REACTIONS 


295 


H H 

* - - « I _ 

CeHfi- N« + N - O - N = 0« N- 0 - N = 0* (VII) 

, , - - , , - . « 

H «0« H 'O' 

The loss of a water molecule and a nitrite ion will then lead to 
the diazonium ion. 

The diazonium ion reacts reversibly in water 

[CeHs- N S N*]+ + [‘ 5 - H]-^ CeHfi - N = N - 6 - H (VIII) 

to form a compound that exists in stereoisomeric forms and 
carries a weakly acidic proton. By virtue of the latter property 
it is converted in strongly alkaline media to diazotate ion 

[CeHfi - N = N-6>r. 


The Reactions of Diazonium Ions. — Many of the characteris- 
tic reactions of aromatic diazonium salts may be interpreted 
either as nucleophilic displacements of the type 

[H - 0«]- -h [R“ N 5 N •]+ -> H - 0 - R 4- • N 5 N ' (IX) 

or as the result of a spontaneous formation of a carbonium ion 

« 

[R- N s N R+ + • N s N « (X) 

followed by its further reaction. Other reactions suggest the 
intermediate formation of free radicals (page 383). The char- 
acteristic effect of cuprous compounds in the Sandmeyer reaction 
has no obvious explanation. 

The Nitrous Acid-amine Reaction. — Glycine reacts with 
nitrous acid according to the same kinetics as those of the diazo- 
tization,® but the first isolable product is glycollic acid. It is 
of course highly probable that the reaction goes by way of the 
diazonium ion which decomposes according to reaction (IX) or 
(X). In many reactions of this sort, rearrangement phenomena 
occur which indicate the transient formation of a free carbonium 
ion and favor reaction (X) over reaction (IX) (page 315). Thus 
n-propylamine yields i-propyl alcohol when treated with nitrous 
acid. 

“ Abel, Schmid, and Smoisr, Z. Elektrochem., 39, 863 (1933). 
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Even the decomposition of ammonium nitrite to form nitrogen 
and water follows a similar kinetics^ 

V - MNHaHHNOaP (XI) 

and probably a similar course. 

When an amine contains hydrogen attached to the a-carbon, 
the action of nitrous acid often leads to an isolable diazo com- 
pound. These presumably result from the reaction 

T 

CH-NsN* C=N = N+BH+ (XII) 

.R JR 

This reaction in the reverse direction is probably the first step 
in the acid-catalyzed decomposition of diazoacetic ester (page 
288). 

Reactions of Carbonium Ions. — When a carbonium ion is set 
free or when the linkages that bind it have been greatly weakened 
by one of the processes just considered, a great variety of reac- 
tions is possible. The ion may attach itself to a base, i.e., to 
any substance carrying an unshared electron pair. When the 
base is hydroxyl ion or water, the product is an alcohol or its 
conjugate acid; when the base is alcoholate ion or alcohol, the 
product is an ether or its conjugate acid; with chloride, nitrate, 
or acetate ions, esters are formed; with ammonia or amines, 
substituted ammonium ions are formed. 

When the base is a carbanion, a new carbon-carbon linkage 
results, and many familiar chain-lengthening procedures depend 
upon this reaction. The necessary carbanion may be obtained 
by the action of a base on a substance containing acidic protons. 
Thus sodium alcoholate in alcohol, sodium metal in benzene, 
even concentrated aqueous potassium hydroxide (20 per cent)® 
convert such substances as acetacetic ester, malonic ester, 
nitroalkyls, and cyanacetic ester into conjugate bases, which 
react readily with alkyl halides, toluenesulfonates, and the like. 
The reaction is a nucleophilic displacement in which a carbonium 
ion is transferred from its attachment to halide ion to a new link 

7 Abel, Schmid, and Schafranik, Z. ph^sik, Chem.y Bodenst&in Festband^ 
510 (1931). 

« Knuntants, C. a., 32, 2908 (1938). 
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involving the carbon of the carbanion (page 143). The effect 
of the structure of the alkyl group is the typical one for this kind 
of displacement (page 154) ; the effect of alkyls on the carbanion 
carbon is revealed by the fact that monoalkyl derivatives are so 
easily obtained. This shows either that the equilibrium 

[CH3COCHCO2C2H6]- + CH3C0CHRC02C2H6;?±CH3C0CH2C02C2H5 + 

[CH3COCRCO2C2H5]- (XIII) 

favors the substances on the left of the equation or that the 
displacement reaction is slower with the alkylated ion than with 
the parent compound. 

The action of the Grignard reagent on an alkyl halide involves 
a similar displacement by the carbanion contained in the reagent 
(page 145). The Wurtz-Fittig reaction probably has the same 
reaction as its final step. 

When the base with which the carbonium ion combines carries 
unshared pairs in more than one part of the molecule, the pre- 
diction of the reaction product offers an interesting problem. 
Thus the conjugate base of acetacetic ester has a relatively high 
electron density on carbon, but it also possesses unshared elec- 
trons on oxygen. In most of its reactions it forms predominantly 
a new linkage to carbon, as it does when it reacts with an alkyl 
halide; in the reaction with acyl halides, however, it links also 
by way of oxygen. The substance ((7) reacts with bases to 
form an ion (D) which reacts with methyl iodide to yield (jB)® 


CO2C2H6 


H3C- C»C 


CHs CO2C2H6 
(C) 


COjCaHj 


hijC-"C-"C 


CH, COsCaHaJ 

(.D) 


HjC = C- 


CO2C2H6 
-C- CO2C2H5 


CHs CHs 


A similar situation did much to confuse the early development 
of the oxonium-salt theory. Dimethylpyrone (F) carries 

® Kon and Spbight, J. Chem. Soe., 2727 (1926). 
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unshared pairs on both oxygen atoms; it reacts with methyl 
iodide exclusively to form ((?).“ 

Cyanide and nitrite ions react with alkyl halides principally 
to form nitrile and nitrite 

[■CsN>]- + R-X-^->NsC- R + X- (XIV) 

[■6-n-6']- + r- x^'6 = n- 5- r+x- (xv) 

although amounts of isonitrile and nitrocompound varying with 
the nature of the alkyl group may also be formed, and chloracetic 
acid forms almost exclusively the rdtrocompound (which decom- 
poses to nitromethane). On the other hand, silver cyanide and 
nitrite, and probably the derivatives of other heavy metals, yield 
predominantly the isonitrile and the nitrocompound. This 
reaction appears to be due to the existence of a covalent link 
between silver and carbon in silver cyanide, which constrains the 
alkyl halide to react with the nitrogen 

Ag-CHN' + R-X-^[Ag-CsN-RI+ + X- (XVI) 

[Ag-CsN- R]+-^Ag+ + 'CsN- R (XVII) 

This picture is supported by the fact that the likewise covalently 
linked ferrocyanide ion can be alkylated to a product 

Fe(CN)«" + 6CH3OSO3CH3 -+ Fe(CNCH8)6++ + BCHjSOr (XVIII) 

whose decomposition to isonitrile and reduction to methylamine 
demonstrate unambiguously that methyl is linked to nitrogen.*^ 
The final product of a carbonium-ion reaction is very little 
affected by the source of the ion. One can get an alcohol, the 
product of the reaction of carbonium ion with water, by the 
hydrolysis of an alkyl chloride or sulfate, by the action of strong 
acid on an ether or an olefin, by the action of nitrous acid on an 

Babtbb, Ber., 43, 2337 (1910). 
i"- Hastlet, J. Chem. Soc., 97, 1725 (1910); 99, 1549 (1911). 
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amine, by the acid-catalyzed decomposition of an aliphatic 
diazocompound, in fact, by carrying out in the presence of water 
any of the procedures calculated to yield a carbonium ion. The 
only limitation is that the base must not be too strong to be 
compatible with the acidity that may be necessary for the forma- 
tion of the carbonium ion. One cannot alkylate ammonia with 
an olefin, because the high acidity necessary to convert the latter 
to the carbonium ion also transforms the ammonia into unreactive 
ammonium ion. One can, however, alkylate the weaker bases 
water and benzene with olefin and acid. 

Many carbonium-ion reactions are reversible to an appreciable 
extent, and a desired reaction may fail because the reverse 
reaction is too fast rather than because the forward one is too 
slow. Such processes are uphill ones in the scale of free energies 
and are possible only if they are coupled with one that is down- 
hill. Thus in the reaction of an alcohol with HCl, the uphill 
displacement of hydroxyl ion by chloride ion is accompanied by 
the downhill conversion of the hydroxyl ion to water, probably 
by the sequence 

R-O-H + H-CI'-^rR-O - H1+ + R -h H- O- H 

■ H ■ ■ 

(XIX) 

The same conversion may be achieved by reacting the alcohol 
with toluenesulfonyl chloride to form the alkyl toluenesulfonate. 
This reacts easily and completely with chloride ion 

ROH + CISOaCzHT ROSO2C7H7 + HCI (XX) 

ROSO2C7H7 + Cl- RCI -h C7H7SOr (XXI) 

The reversal of the hydrolysis of an alkyl chloride is thus accom- 
plished at the expense of the hydrolysis of the sulfonyl chloride. 
It is probable that the classical reagents phosphorus pentachloride 
and thionyl chloride convert alcohols to halides by a mechanism 
similar to that of equations (XX) and (XXI) and involving an 
intermediate of the type R — 0 — SO — Cl. 

Etherification and Ether Hydrolysis. — ^From an alcohol one 
may obtain an ether, from an ether an alcohol by the action of 
acids or of other electrophilic reagents in what is obviously a 
carbonium-ion reaction. The classical formation of diethyl 
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ether from alcohol under the action of sulfuric acid can be dupli- 
cated by the action on alcohol of sulfonic acids, of boron fluoride, 
or of zinc chloride. Notable is the fact that hydrochloric acid 
leads to the formation of ether under conditions in which ethyl 
chloride reacts only negligibly with alcohol. Consequently, 
the reaction in this case does not go by way of ester formation 
from one molecule of alcohol followed by reaction of the ester 
with a second molecule. There is no good reason to suppose, 
therefore, that ethylsulfuric acid is the intermediate when sulfuric 
acid is the condensing agent. 

Table I indicates the wide range of reaction rates encountered 
in acid-catalyzed ether hydrolysis. The catalyst is a strong acid, 
usually benzenesulfonic, and the slower rates are extrapolated 
from measurements at 55 to 95® which lasted several months. 


Table I. — Catalytic Constants for Acid-catalyzed Ether Hydrolysis 

AT 


Substance 

h 

Substance 

h 

Diethyl ether 

Ethyl t-propyl ether. . 

2.43 X 10-13 
2.50 X 10-12 

Propylene oxide 

Furane 

0.00100 

Very slow 

Di-i-propyl ether 

1.10 X 10-11 

a,a-Dimethylfurane . . . 

0.00027 

Vinyl ethyl ether 

2.9 

Trioxymethylene 

8.8 X 10-8 

Divinyl ether 

Ethylene oxide 

0.0083 

0.0083 

Formaldehyde dimeth- 
ylacetal 

1.27 X 10-3 




The increase in rate produced by alkyl groups on the a-carbon 
(in isopropyl ethers) suggests a mechanism of the solvolytic type 
in which the conjugate acid of the ether reacts to form car- 
bonium ion and alcohol, the former being almost immediately 
converted by a water molecule to the conjugate acid of the alcohol 


FR 


O- H 


R 

R+ + HsO 


R" O 


H + R+ 

(XXII) 

H1+ 

(XXIII) 


H 


Van Alphbn, Rec. trav. chim,, 49, 764 (1930). 

^“Skrabal and Skrabal, Z. physik, Chem,, 181, 449 (1938). 
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An even more marked acceleration is produced by the substitu- 
tion of phenyl for hydrogen on the a-carbon. Benzhydrol is 
rapidly converted to its ethyl ether by heating with a dilute 
solution of HCl in ethanol, and similar treatment leads also to 
dibenzhydryl ether. 

The Reactions of Ethylene Oxides. — ^The internal ether 
ethylene oxide is an energy-rich and reactive substance because 
of its internal strain. A variety of reactions may occur in 
dilute aqueous solution.^® There is first a slow uncatalyzed 
hydration to the glycol 

H2C CHa + HaO H2COH.CH2OH (XXIV) 

\ ✓ 

• o 

Vi = fci[S] S = ethylene oxide (3) 

Perchloric acid, the conjugate base of which is very weakly 
nucleophilic, superimposes an acid-catalyzed hydration the rate 
of which is given by 

= fc2[S][OH3+] (4) 

With the halogen hydrides, with carboxylic acids and even with 
nitric and benzenesulfonic acids, two further reactions appear. 
One of these is kinetically second order, involving the oxide and 
the anion of the acid; thus with hydrochloric acid 

HaC CHa + [» ci T I* Cl - CHa - CHa - 6 •]” (XXV) 

iO 

= h[8][Cl-] (5) 

The other leads to the same product but is kinetically third order, 
e,g,j with HCl 

i;4 - A4[S][C1-][0H3+] (6) 

Some values of these constants for various ethylene oxide deriva- 
tives, all at 20° and at an ionic strength of 0.01, are listed in 
Table II. 

Reaction (XXV) is unexpected, yet there can be no doubt of its 
existence. Without it the rate of reaction of the oxides with 

Wabd, J. Chem. Sac,, 446 (1927). 

“ Bb0nstbd, Kilfatbicx, aad Kilpatrick, J. Am, Chem. Soc,f 61, 428 
(1929). 
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Table II. — Specific Rates op Ethylene Oxide Reactions^ 


Specific rate 

Ethylene 

oxide 

Glycide 

Epichlor- 

hydrine 

Cyclohexene 

oxide 

hi 

3.6 X 10-7 

2.8 X 10-7 

9.7 X 10-^ 


hi 

5.33 X 10-3 

2.5 X 10-3 

4.1 X 10-4 

1.92 

hi Cl" 

5.7 X 10-« 

2.6 X 10-6 

hi Br" 


3.9 X 10-6 

1.4 X 10-4 


hi SCN“ 


3.0 X 10-^ 

1.5 X 10-3 


hil'~ 


6.2 X 10-^ 

2.3 X 10-3 


hi HC02“ 


1.1 X 10-5 


hi C 6 H 6 CO 2 " 



1.2 X 10-6 


kt CHsCOr 



1.4 X 10“6 


hi (CH:8)3CC02“ . . 



1.9 X 10-6 


hi HBr 

0.20 

0.13 

0.05 


^4 HCl 

0.05 

i 0.010 






0.1m KCl should be about one-millionth of the rate of reaction 
with 0.1m HCl, this being the ratio of the oxonium-ion concentra- 
tions; actually, the rate is about one-fiftieth as fast. Further- 
more, the total rate of reaction in neutral, weakly acid, and 
weakly alkaline solutions is independent of the acidity, because 
reaction (XXV) is the predominant one under these conditions. 
Because of this reaction a solution of oxide in aqueous KCl 
becomes alkahne by virtue of the reaction 

[CICHa - CHa - 0 •]“ -i- HaO CiCHaCHaOH + OH- (XXVI) 

in a very few minutes. Most surprising of all, the reaction is 
easily detected with the wide variety of anions listed; yet a 
corresponding reaction with hydroxyl ion is not observed even in 
strongly alkaline solution. 

The mechanism of reaction (XXV) is obviously a nucleophilic 
displacement on carbon, the displacing group being the halide ion, 
and the displaced one the bridge oxygen, but this remains 
attached to the molecule by virtue of the carbon-oxygen bond 
which is not involved in the displacement. That the reaction 
should go faster when the substituting group is chloride, acetate, 
or nitrate ion than when it is hydroxyl ion is a most striking 
example of the failure of the ajSSnity of a reaction to measure its 
rate (page 137). The free-energy decrease accompan 3 dng the 
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reaction with hydroxyl ion must be much greater than that of the 
reaction with chloride ion, the mere fact that the chlorhydrine 
hydrolyzes quantitatively to the glycol demonstrates that; yet 
the reaction with chloride ion is the faster one. The compara- 
tive reluctance that hydroxyl ion here exhibits toward becoming 
attached to carbon appears in other reactions, most notably in 
the Schotten-Baumann acetylation procedure. 

The acceleration of reactions (XXIV) and (XXV) by acids is 
normal. The addition of a proton to the ether oxygen in a 
reversible first step 


H2C- 


-CHa + OH 3 +; 


O' 


HaC- 


-CHa 


H 


+ H 2 O (XXVII) 


produces an intermediate in which the carbon-oxygen linkage is 
greatly weakened. 

When the displacing group of reaction (XXV) is a carbanion 
such as the conjugate base of malonic ester, a new carbon-carbon 
linkage results, and the reaction becomes an effective method 
for preparing 7-hydroxyacids. 

Since the displacement reaction (XXIV) must invert the 
configuration of the carbon atom on which it occurs, the two 
epoxybutanes 


H 


HsC-C- H 
O 


HsC-C 


HaC-C-H H-C 


tram 


CHa 


should give rise exclusively to the racemic and the meso glycol, 
respectively. The configurations are known beyond doubt from 
the existence of optically active forms of trans oxide and racemic 
glycol, and the prediction of an inversion of configuration has been 
confirmed experimentally.^® 

The Acetal and Ortho Ester Reactions. — Both the formation 
and the hydrolysis of the acetals, which are pol3rfunctional ethers, 
w Wilson and Lucas, Am. Chem. Soc.j 6 $, 2306 (1936). 
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are catalyzed by acids. The hydrolysis in aqueous solution of 
the methyl, ethyl, and ethylene glycol acetals of acetaldehyde 
have been found to exhibit specific oxonium-ion catalysis, and 
the same type of catalysis is observed in the reaction of acetal- 
dehyde in ethanol.^® It is probable that the reactions have a 
hemiacetal as an intermediate, the diflSculty or impossibility of 
isolating this indicating that in the system 

0-R 0“R 

R-CH +HsO^R-CH +ROH 

V s 

O-R O-H 

O- R 

R-CH |iR-CH = O-l-R0H 

o- H 

hi hi and i.e,^ the rate-determining step in both 

formation and hydrolysis is reaction (XXVIII). There is no 
reason to suppose that the mechanism of reaction (XXVIII) 
differs from that of other acid-catalyzed etherification and ether- 
hydrolysis reactions (page 300). Reaction (XXIX) offers an 
entirely different problem, which cannot be attacked experi- 
mentally in the present case but is probably closely related to 
that of the glucose mutarotation (page 337). 

The relative hydrolysis rates of formaldehyde acetals of the 
following alcohols in water at 25° are^®: methanol, 1; ethanol, 
8.6; 2 -propanol, 47.2; n-propanol, 9.4; 2 -butyl alcohol, 13.0; 
7i-butyl alcohol, 9.3. The structural effect suggests strongly 
that the reactions are of the solvolytic type with the process 


(XXVIII) 

(XXIX) 


R O- R- 

'O 

H 6- R 

I 

H 


R O-R 

N / - 

C + R+ 

H O-H 


(XXX) 


as the key step. 

Be^nsted and Wtnne- Jones, Tran$. Faraday Soc.^ 26, 69 (1929). 
Be0nstbd and Geove, J, Am, Chem, Soc,, 62, 1394 (1930). 

1® Dbyevp, J, Am, Ckem. Soc,j 66, 60 (1934). 

1® Skeabal and Egbe, Z, physik. Chem,j 122, 349 (1926). 
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The relative hydrolysis rates of the acetals of pentaerythritol 
with various aldehydes are as follows^®: ECHO, 1; CH3CHO, 
6000; CH3CH2CHO, 10,000; (CH3)2CHCHO, 4000; acetone, 10^ 
Much information on hydrolysis rates of mixed acylalykl acetals 
of the type RCOOCH2OR is also available.^^ 

The hydrolysis of sucrose involves the rupture of an ether 
linkage of the acetal type, but the internal hemiacetals which are 
the result of a reaction analogous to (XXVIII) are the stable 
forms of the monosaccharides. 

The hydrolysis of an ortho ester (page 218) 

OR O- R 

R- C- OR + H 2 O ~>R- C +2ROH (XXXI) 

OR O 

is a reaction of much the same sort as that of an acetal. The 
irreversibility which is one of its characteristics may be attributed 
to the greater saturation of the ester carbonyl compared with that 
of an aldehyde. Intermediates of the hemiacetal type are not 
isolable, and the mechanism is no doubt identical with that of the 
acetal hydrolysis. The acid catalysis may be of either the general 
acid or the specific oxonium-ion type (page 220). 

The Conversion of Carbonium Ions to Heterocycles. — car- 
bonium ion may react internally to form a ring system. The 
conversion of a halogen amine to a cyclic ammonium ion 

HaN - CH2 (CHj).CH 3- Cl ■ [Hsfi - CH2(CH2).(1 h 2]+ + [> Cl •]“ (XXXII) 

is first order, and its rate is independent of the concentration of 
hydroxyl ion.^^ It may involve an internal nucleophilic dis- 
placement or a process of the solvolytic type. The rate is 
greatest when the ring formed is one of five members; it does 
not change greatly for rings of more than 12 members. The 
polymerization, which is a wasteful side reaction in the prepara^ 
tive sense, especially with large rings, may be largely suppressed 
by working at low concentrations. This is because the polymeri- 

20 Skbabal and Zlatbwa, Z. physik, Chem,, 119, 306 (1926). 

Palomaa, Salmi, Janssbit, and Sabo, 68B, 303 (1935). 

Salomon, Tram, Faraday Soc,, 32, 153 (1936). 
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zation rate depends upon the square of the concentration of the 
reactant, the ring formation upon the first power. 

Conversion of Carbonium Ions to Olefins. — A carbonium ion 
may react with a base to form an olefin 
R R 1+ R R 

R-C-c" -|-B;=±R-C=C-R-1-BH+ (XXXIII) 

hr. 

a process which merely reverses that by which olefins are con- 
verted to carbonium ions (page 292). Consequently, olefins may 
be produced by the solvolytic reaction of an alkyl halide in a 
suitable solvent, by the reaction of alkyl halide with silver 
ion, by the reaction of an alcohol with sulfuric acid, by a first- 
order decomposition reaction of a quaternary ammonium ion, 
by the action of nitrous acid on amines, in fact, by any of the 
procedures that lead to the formation of carbonium ions. 

Evidence that formation of alcohol and of olefin from an 
alkyl halide pass through a common intermediate, the carbonium 
ion, has been obtained from the study of the relative amounts of 
the two substances formed from different sources of carbonium 
ion, Thus the rate of the first-order reaction of s-octyl bromide 
in 60 per cent ethanol at 100° is 33 times greater than that of 
s-octyl chloride. Yet the ratio of octylene to octyl alcohol 
is 0.19 when the bromide reacts, 0.21 when the chloride reacts. 
With i-butyl halides at 25° in 80 per cent ethanol the first-order 
rates of reaction of chloride, bromide, and iodide are as 
1:44: 106; the ratios of olefin to alcohol produced are 0.202, 0.144, 
and 0.148. With i-amyl halides under the same conditions the 
olefin-alcohol ratios are 0,50, 0.26, and 0.25. The total rate of 
reaction is the rate of formation of the carbonium ion and varies 
greatly according to the halide used, whereas the composition of 
the product depends upon the behavior of the carbonium ion 
after it is formed. That the latter varies slightly with the nature 
of the halide adds further evidence that the reaction of the car- 
bonium ion in a solvolyiiic reaction occurs before it has com- 
pletely escaped from the influence of the halide ion. 

23 (a) Hughes, Ingold, and Scott, J, Chem. Soc., 1271 (1937). (h) 

Hughes, Ingold, and Shapibo, iUd., 1277. (c) Cooper, Hughes, and 

Inqold. 1280. (d) Hughes and MacNulty, t&id., 1283. 
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Olefins may also be formed from alkyl halides or from quater- 
nary ammonium ions by a second-order reaction with a base, the 
mechanism of which obviously involves an attack by the base 
on a i^-hydrogen atom^^ 

R 2 CH - CRsCl 4* OH“ ^ [RaC - CR 2 CI]- + H 2 O (XXXIV) 

[R 2 C - CR 2 CI]- RgC = CRi + CI“ (XXXV) 

The reaction competes with the first-order olefin formation by 
way of the carbonium ion and with the two reactions that lead 
to alcohol. In the case of s-octyl bromide in a water-ethanol 
medium at 60° the specific rates of the four reactions are as 
follows first-order alcohol formation, 4.66 X 10“^; first-order 
olefin formation, 5 X 10“®; second-order alcohol formation, 
3.58 X 10“^; second-order olefin formation, 4.39 X 10“^. It 
follows from these figures that, in acid solutions in which both 
second-order reactions are suppressed by the low hydroxyl-ion 
concentration, there is 10 per cent olefin in the product; in alka- 
line solutions it may reach 55 per cent. The acid medium is, 
therefore, a much more favorable one for the preparation of the 
alcohol. Another stratagem that has been used to reduce the 
olefin by-product in the conversion of alkyl halide to alcohol is to 
react the halide with acetate ion and then to hydrolyze the 
acetate to the alcohol. The possibility of doing this is further 
evidence of the relatively low tendency of hydroxy] ion to 
attach itself to carbon. If the relative rates of attack of acetate 
ion and of hydroxyl ion were the same when they act upon pro- 
tons as when they act upon alkyl groups, the two reactions 
would be equally affected by the use of one instead of the other 
base, and the proportion of olefin formed would be unchanged. 
Acid-catalyzed Olefin Polymerization. — carbonium ion may 
attach itself to an olefin carbon atom; if the carbonium ion is 
the conjugate acid of the olefin, the result is a polymerization of 
the olefin.^ 


R R 

C =» G + HA :;=± 
^ \ 

H H 


R 

I 

H- C- C 

I 

H 


+ A- 


H 


(XXXVl) 


** Hanhart and Ingold, J, Chem, Soc.f 997 (1927). Hughes, Ingold, 
and Patel, ibid ., 526 (1933). 
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X 

1 

0 

1 

0 
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H-C-C-C-C 
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✓ N 
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I 

X 

X 

X 

X 

X 

L— 


(XXXVII) 


The product is still a carbonium ion, and it may react in various 
ways. If it loses a proton from the 5-carbon atom, a cyclo- 
butane derivative (H) is formed; if the proton is lost from the 
jS-carbon, the result is an olefinic dimer (/); if it reacts with a 
third olefin molecule to form (J), the system is well on its way 
toward a long-chain polymerization. 


R H 

H“C" C- R 

i I 

R- C- C- H 


I 1 


H R 


(H) 


R R R R 

I I t I 

H-C-C-C=C 

I I I 

H H H 

(I) 


R R R R R 

t I I I I 

H- C- C- C- C- C 

I I I I I 

H H H H H 

(J) 


H 


A kinetic study^® of the similar polymerization of indole 
in 50 per cent ethanol has shown that the rates in 0.2m HCIO 4 and 
0.2m HCl are identical with each other and nearly the same as that 
produced by H 2 SO 4 of the same electrometric pH. The reaction 
is, therefore, initiated by a proton transfer from oxonium ion, as 
in the olefin hydration (page 292). The dimerization of skatole 
in glacial acetic acid^® is second order in skatole and also second 
order in the sulfuric acid catalyst. The latter effect is reminiscent 
of that observed in the ketone iodination in the same medium 
(page 274) and cannot be taken to indicate that two molecules 
of acid are involved. The mechanism of equations (XXXVI) 
and (XXXVII) leads to the following equations (S — olefin): 


t; - Sfe[S][HAi] (7) 

t; = MS]2[0H3+] (8) 

= syS]2[HAi] (9) 


according as reaction (XXXVI) or (XXXVII) or the final loss 
of a proton is rate determining. 

Since an alcohol may be converted to an olefin by way of a 
earboniurh ion, the necessary conditions for the formation of 
olefin polymers are present in the reaction of alcohols with 


^ Schmitz-Ditmont, Hamann, and Dibbolx>, Ber., 71B, 206 (1938). 
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strong acids. The same consideration applies to the reaction 
of alkyl halides with silver salt and to the reaction of an amine 
with nitrous acid. 

When the carbonium ion of reaction (XXXVII) is not the 
conjugate acid of the olefin, the reaction can no longer be called 
an olefin polymerization, even though its essential character is 
unchanged. The factors that affect the two functions of the 
olefin in reactions (XXXVI) and (XXXVII) are not necessarily 
the same. Thus dianisylethylene does not polymerize alone 
but does condense with skatole under the influence of strong 
acids.25 

Reaction of Carbonium Ions with Aromatic Compounds : 
Friedel-Crafts Reaction. — ^The net effect of reaction (XXXVII) 
followed by the loss of a proton to form (7) is a displacement by a 
carbonium ion of a proton attached to unsaturated carbon. If 
the latter is aromatic, the reaction system becomes immediately 
a model for the Friedel-Crafts reaction and its close relatives. 
In such cases it seems probable that the displacement occurs in 
one step, because this avoids the necessity of overcoming the 
resonance energy of the aromatic substance 

R 3 C+ + CeHe + B R^CCeHs + BH+ (XXXVllI) 

The chemical inertia of these reactions and the nature of the 
condensing agents necessary vary with both the ease of formation 
of the carbonium ion and the reactivity of the aromatic hydro- 
carbon. This suggests that the condensation reaction rather 
than the formation of the ion is rate determining. ^-Butyl and 
triphenylmethyl bromides react spontaneously and rapidly with 
excess of phenol at 90°, benzyl bromide less rapidly, and ^-propyl 
bromide still more slowly. In every case the alkyl group 
becomes attached to nuclear carbon, not to oxygen. Michler^s 
hydrol [(CH 8 ) 2 NC 6 H 4 ] 2 CHOH condenses with the more reactive 
aromatics (e.gr., dimethylaniline) in dilute aqueous hydrochloric 
acid.®'^ The already large tendency toward formation of the 
carbonium ion possessed by benzhydrol is greatly enhanced by 
the electron-repelling amine groups. Secondary and tertiary 
aliphatic alcohols condense with benzene or naphthalene in 

Bbnnbtt and Rbstnolds, J , Chem . Soc -, 131 (1935). 

*7 DRP 27032 (1883). Frdl. I, 75. 
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70 to 80 per cent sulfuric acid.^® Liquid hydrogen fluoride, 
boron fluoride,®® and aluminum chloride®^ are also effective with 
alcohols. With reagents as powerfully electrophilic as these, it 
makes little difference whether the alkyl derivative is a halide 
as in the classical Friedel-Crafts procedure or an alcohol, an ether, 
an ester, or even an olefin. All these may be converted to a car- 
bonium ion by an electrophilic reagent, and all of them enter 
into reactions of the Friedel-Crafts type with any of the con- 
densing agents noted above. 

Aluminum chloride gives conducting solutions in C 2 H 6 CI as 
does aluminum bromide in C 2 H 5 Br,® 2 ® and transference experi- 
ments indicate that the aluminum is in the anion. The mobile 
equilibrium 

C 2 H 5 CI + AICI 3 ^ C 2 H 6 + + AlCIr (XXXIX) 

which these facts suggest is consistent with the carbonium-ion 
mechanism for the Friedel-Crafts reaction, as is also the fact that 
the HCl produced in the reaction is in radioactive equilibrium 
with the aluminum chloride, when active aluminum chloride is 
used.®^^ 

Methyl and ethyl groups may be introduced only by the most 
active condensing agents aluminum chloride and boron fluoride. 
Normal alkyl halides with longer carbon chains than the ethyl 
derivatives yield rearranged secondary and tertiary alkyl ben- 
zenes, a behavior typical of reactions vdth carbonium-ion inter- 
mediates. Cyclodehydrations®® are internal condensations of 
the Friedel-Crafts type which are induced by moderately strong 
sulfuric acid when an aromatic compound carries a hydroxyl 

Meyee and Bbenhaijer, Monatsh., 53/54, 721 (1929). 

28 Simons and Archer, J, Am. Chem. Soc., 60, 986; 2952 (1938). Simons, 
Archer, and Passino, ibid., 60, 2956 (1938). 

3® Meerwein, Her., 66 B, 411 (1933). Slanina, Sowa, and Nieitwland, 
J. Am. Chem. Soc., 67, 1547 (1935). Price and Ciskowski, ibid., 60, 2499 
(1938). 

Bowden, J. Am. Chem. Soc., 60, 646 (1938). 

32 (a) Wbrttporoch et al., Z. physik. Chem., A162, 398 (1932); A168, 
31; 124 (1934). Wohl and Wbrttporoch, Her., 64B, 1357 (1931). (6) 

Fairbrother, j. Chem. Soc., 603 (1937). 

3® Bogert and Davidson, J. Am. Chem. Soc., 56, 185 (1934). Price, 
Dotdson, and Bogbrt, J. Org. Chem., 2, 640 (1938). 
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group or a halogen atom on the 7- or 5-carbon of a side chain 
containing five to seven carbon atoms or when one of these car- 
bons is unsaturated. A ring of five or six members is formed, 
directly in the preceding case, indirectly by a rearrangement when 
the hydroxyl halogen or unsaturation is on another carbon atom. 

The product obtained from the action of sulfuric acid on a 
mixture of olefin and aromatic compound varies in an interesting 
and predictable fashion with the concentration of the acid.^^ 
In 70 per cent acid the product from ^-butene is predominantly 
alkyl sulfuric acid, formed by the action of the conjugate acid of 
the olefin on bisulfate ion 

[(CH3)2C*“ CHs]"*" -{- HSOi”* — > (CH3)8C0S03HI (XL) 

With increase in acid concentration the concentration of bisulfate 
ion decreases, and in 80 per cent acid the chief reaction is a 
polymerization of the olefin, which requires the simultaneous 
presence of the olefin and its conjugate acid (page 308). With 
still further increase in acid concentration the conversion of the 
olefin to the conjugate acid becomes more complete, the rate of 
the polymerization decreases because of the decreasing concen- 
tration of olefin, and in 96 per cent sulfuric acid the product is 
almost exclusively butylbenzene. A similar sequence must 
determine the choice of condensing agent and alkyl or acyl 
derivative for optimum yield in any reaction of the Friedel- 
Crafts type. 

The alkylation of benzene with paraffins under the action of 
aluminum chloride plus hydrogen chloride®® must depend upon 
the great acid strength of HAICI4 and take the course 

Rs'C - CRa'' + HAICU R/CH -f- [CR8"]+ + AICU*- (XLI) 
[CR8"]+ + CeHe Rs^'CCeHs + H+ (XLII) 

The relative ease with which the reaction occurs when the group 
CRs' is i-butyl is consistent with the low activation energy 
usuaUy associated with the formation of the i-butyl ion. Thus 
the hydrocarbon CHg — CHg — CH(CH3) — C(CH3)8 reacts readily 
at 80° and measurably at 0°, yielding i-butylbenzene and 
n-butane. 

Ipatieff, Corson, and Pines, J. Am, Chem, Soc,, 58, 919 (1936). 

Gbossb, Mavitt, and Ipatieff, J, Org. Chem,^ 3, 137 (1938). 
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Other Substitution Reactions of Aromatic Compounds : Halo- 
genation : Nitration. — The typical substitution reactions of 
aromatic compounds are favored by strong acids and other elec- 
trophilic reagents and give every evidence of being electrophilic 
displacements on aromatic carbon of the same type as the 
Friedel-Crafts reaction. Nuclear halogenation is strongly aided 
by aluminum or ferric halides, which must favor the process 

* B'r - Br « + AIBra [• B‘r]+ + AIBrr (XLI 1 1) 

just as they do the carbonium-ion formation from alkyl halides,®® 
and the positive halogen ion must displace a proton from the 
aromatic substance just as a carbonium ion does 

Br+ + CeHe BrCeHs + H+ (XLIV) 

lodination of benzene may be induced by the action under 
anhydrous conditions of silver perchlorate and iodine,®^ pre- 
sumably by way of the reaction 

U-ri-l-Ag+-^»r-Ag + M]+ (XLV) 

or by the action of the brown solutions that are obtained by 
the reaction of iodine pentoxide with excess of iodine in concen- 
trated sulfuric acid.®® These appear to contain ions of the type 
I3+ and Ib"*" which are active iodinating agents. Sulfuric acid 
solutions that contain iodine pentoxide and iodine in the propor- 
tions that correspond to I2OS readily form iodoso derivatives 
by reaction with benzene, probably by way of an 10+ ion.®^ 
The catalyiiic effect of iodine on nuclear bromination may be 
attributed to the action of BrI, which should be a more active 
brominating agent than BrBr in the same way that CH3I is a 
more effective methylating agent than CHsBr. 

The side-chain halogenation of toluene and the addition of 
halogen to aromatic hydrocarbons are reactions of the radical 
type (page 376). 

36BEUNBR et al, C, A,, 2, 1272 (1908); 4, 3067 (1910); 6, 3045 (1911). 
Kharasch, White, and Mayo, J, Org, Chem.j 3, 33 (1938). Price and 
Arntzbn, /. Am, Chem. Soc.^ 60, 2835 (1938). 

^Birkbnrach and Goxjbbau, Per., 66B, 395; 1339 (1932); 66B, 1280 
(1933); 67B, 917 (1934). 

Massok, Chem. Soc.y 1708 (1938). 

** Masson and Hanbt, J. Chem. Soc., 1699 (1938). 
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Like halogenation, nitration may apparently be either of the 
radical type or of the nature of an electrophilic displacement on 
carbon. Nitrations with nitric acid alone or in nonpolar solvents, 
especially when fuming acid is used, have all the earmarks of the 
former class of reactions; nitration by the usual sulfuric acid- 
nitric acid mixture has the characteristics of the latter. Nitra- 
tion with mixed acid proceeds at a technically useful rate only 
when the ratio of the number of moles of H2SO4 to the sum of 
the numbers of moles of H2O and HNOs exceeds a certain ratio, 
which happens to be unity in the case of benzene. Since nitric 
acid and water are bases with respect to sulfuric acid, this means 
that the reaction rate is a function of the acidity of the solution. 

The actual nitrating agent is not known. A nitrogen atom 
with only six valence electrons is present in the important 
resonating structures {K) and (L) of the ions, which nitric acid 
is known to form at high acidities (page 47 ), as well as in the 
structure (AT) involved in another possible ion. 

5-H1+ r 6-H1++ 

■ O-N H-O-N ['0»N-0']+ 

— V — N " - 

0- H 6- H 

{K) (L) ‘ iM) 

The kinetics can be studied only with relatively unreactive ben- 
zene derivatives which, in addition, are moderately soluble in 
strong sulfuric acid. Data are available for nitrobenzene, 
benzoic acid, benzenesulfonic acid, and anthraquinone; in each 
case the rate goes through a maximum with increasing acid 
concentration.'^^ With nitrobenzene the rate is three times faster 
in 95 per cent sulfuric acid than in 100 per cent; with benzoic acid 
the same ratio is more than 28 . Since the status of dissolved 
benzoic acid is constant over this range of acidity [as CeHs- 
C(0H)2+], the decrease in rate must be due to the protolytic 
conversion of nitric acid from a more reactive to a less reactive 
form, a conclusion that is supported by the fact that all sub- 

^oGeoogins, ** Aniline and Its Derivatives,'' New York, 1924, p. 72. 
Hbthbrinqton and Masson, J. Chem. Soc,, 106 (1933). 

Martinsbn, Z, physik, Chem., 60, 386 (1905); 69, 605 (1907). Latter 
and Oda, •/. prakt» Chem,, 144, 176; 146, 61 (1936). 



314 


PHYSICAL ORGANIC CHEMISTRY 


strates show a qualitatively similar effect. The decrease iu 
nitrogen content of nitrocellulose produced at very high sulfuric 
acid concentrations^^ may very well have the same cause. 

Sulfonation rates increase with increasing acid concentration 
in sulfuric acid of less than 100 per cent concentration and with 
the concentration of SO3 in fuming acid.^® A possible course is 
the electrophilic displacement 

SO 3 + CsHe CeHBSOs" + H+ (XLVI) 

The coupling of a diazonium salt with aniline or phenol may 
be attributed to the displacement 

[CoHfi- N = N]+ + C6H5N(CH8)2 CeHg- N = N - C6H4N(CH3)2 + H+ 

(XLVI I ) 

The well-known fact that the high acidity necessary for the 
diazotization of an amine must be decreased by the addition 
of carbonate, bicarbonate, or acetate ion before the coupling is 
obviously due to the fact that aniline and phenolate ion are 
more reactive in nuclear substitution reactions than are anilinium 
ion and phenol. 

The rate of coupling of various diazonium salts with a variety 
of phenols has been found^'^ to be proportional to the hydroxyl- 
ion concentration. A general base catalysis can be definitely 
excluded for acetate ion and probably for other bases except 
hydroxyl ion. Electron-attracting groups like p-nitro in the 
diazonium ion favor the coupling, which is to be expected, since 
a low electron density on the coupling nitrogen should give it a 
greater affinity for the electrons of the phenolate ion. The rela- 
tive rates for various substituents in the diazonium ion are 
P-NO2, 1300; P-SO3”", 13; p-Br, 13; none, 1; p-CHs, 0.4; p-CHsO, 
0.1. To within 25 per cent the rate is the same for five different 
phenols, mostly naphthol sulfonic acids. 

Presumably the favorable effect of increasing hydroxyl-ion 
concentration reaches an upper limit when the conversion of 
the diazonium ion to the diazonium hydroxide (page 295) becomes 
significant. 

« Fabmbr, J, Soc. Chem. Ind., 50, 75T (1931). 

** Mabtinsbn, Y. physik, Chem., 62, 713 (1908). Pinnow, Z. Elektrochem., 
21, 380 (1915); 23, 243 (1917). 

CJoNjyjJT and Pbteeson, J. Am. Chem. Soc., 62, 1220 (1930). 
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Racemization . — K partial but usually incomplete racemization 
is one of the most characteristic features of reactions in which a 
more or less free carbonium ion is an intermediate. This is 
observed not only in the solvolytic reaction of alkyl halides but 
also in the action of HCl on alcohols and in that of nitrous acid on 
amines (page 180). 

Rearrangements: Anionotropic Reactions. — Quite as charac- 
teristic of carbonium ions as racemization is rearrangement. 
The simplest case, since it involves only, electron shifts, is the 
anionotropic rearrangement, which requires the presence of an 
olefin linkage adjacent to the carbonium carbon. Thus the 
carbonium ion produced by the action of acids on CeHs — 
CHOH — CH=CH 2 must contain the resonating structures (iV). 

[CeHfi - CH - CH = CH 2 ^ CeHs - CH = CH - CH2]+ 

m 

In the first the carbon alpha to the phenyl is positive, in the 
other the gamma carbon. The reaction of the ion with bromide 
ion may, therefore, form either CeHs — CHBr — CH=CH 2 or 
CeHs — CH=CH — CH 2 Br without the shift of so much as a 
hydrogen atom.^® To the extent that the latter product pre- 
dominates, as it does in this case, the reaction involves a rear- 
rangement of oi-phenylallyl alcohol to a derivative of cinnamyl 
alcohol. As is to be expected if the reaction of both alcohols 
goes through the common intermediate (iV), cinnamyl alcohol is 
converted by HBr to cinnamyl bromide without rearrangement. 
The product in this case is the thermodynamically more stable 
bromide, but this need not be so, since the composition of the 
reaction product depends upon the relative rates of reaction of 
{N) in the two possible directions, not upon the relative equilib- 
rium constants of the two reactions (page 180). 

The only reasonable interpretation of these rearrangements is 
the carbonium-ion one. The rearrangement .is , produced by 
reagents that are known to favor the formation 4 )f ^the carbonium 
ion, e.g., by the action of acids on alcohols or by the solvolytic 
reaction of esters, especially those of strong acids, in media 
favorable to ionization. The rearrangement cannot be internal 
since a-phenylallyl p-nitrobenzoate, which rearranges to cinn- 

« Burton and Ingold, /. Chem. Soc,, 904; 1650 (1928); 455 (1929), 
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amyl p-nitrobenzoate in acetic anhydride, yields large amounts of 
cinnamyl acetate when the anhydride contains tetramethyl 
ammonium acetate as a source of acetate ions.^® The rearrange- 
ment is facilitated by the kind of structure of reactant that 
favors carbonium-ion formation; thus o:-phenylallyl derivatives 
are more easily rearranged than a-methylallyl derivatives. 
When the reactant contains an asymmetric carbinol carbon, the 
reaction product is largely but not always completely racemized. ^ 
A reaction that involves a rearrangement may be accompanied 
by a direct nucleophilic displacement, which apparently leads 
no more to rearrangement than it does to racemization. Thus 
the reaction of cinnamyl chloride with potassium acetate, 
acetate ion, in acetic anhydride is kinetically of the second order 
and is, therefore, a nucleophilic displacement. The product 
is exclusively cinnamyl acetate. The reaction of the same 
chloride in acetic acid without the addition of acetate ion has an 
order between first and second, and the reaction product is a 
mixture of cinnamyl and a-phenylallyl acetates/^ 

Similarly, the reaction of crotyl alcohol or of its isomer methyl 
vinyl carbinol with HBr yields a mixture of the isomeric bromides, 
but a larger proportion of crotyl bromide is formed from crotyl 
alcohol than from the isomer.^ The magnitude of the effect 
depends upon the conditions, the largest difference appearing 
when the reaction is carried out in glacial acetic acid at 0® when 
crotyl alcohol yielded 83.4 per cent crotyl bromide and methyl 
vinyl alcohol formed only 71.5 per cent of the same substance. 

The unsaturated carbonium ions, which are the characteristic 
intermediates in the anionotropic rearrangement, may also be 
formed by the addition of a proton to a conjugated diene 


R-CH = CH-CH=*CHR + HA; 


'CH-CH-CH2RJ+ + A- 

(XLVIII) 


If hydroxyl or chloride ion then adds to the carbonium ion, the 
total reaction represents a 1:2 or a 1:4 addition to the original 
unsaturated system according to the way in which it adds 

^ Kenton, pABTRmaB, and Phillips, J. Chem. Soc,^ 207 (1937). Akcxts 
and Kenyon, ibid., 1912 (1938). 

Meisenhbimek and Betttter, Ann,, 508, 68 (1934). 

« Young and Lane, J, Am. Chem. Soc., 60, 847 (1938). 
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„ _ ;,R-CH = CH-CHOH-CH,R 

[R-CH-CH-CH-CHsR]+ + OH-C 1:2 (XLIX) 

^ R- CHOH - CH = CH - CHjR 

1:4 (L) 

In view of the evidence that addition to the double bond is a 
two-step process (page 147 ), this is by all odds the most probable 
explanation of the 1:4 addition. 

The acid-catalyzed ds-trans rearrangement of maleic to fumaric 
acid must involve a sinailar intermediate ( 0 ) 


>0 6-h '6 6- H 

^ n ^ " .11 ✓ * 

H-0-C-CH = CH-C < — j-H- O- C- CH - CH«C 

5-h 'o-h 

( 0 ) 

in which the middle bond acquires enough single-bond character 
to permit rotation to the fumaroid configuration. The inter- 
mediate cannot be [HOOC — CH2 — CH — COOH]+, formed by 
addition of a proton to carbon, because the fumaric acid produced 
is free of deuterium when the reaction occurs in deuterium water.'*® 

Rearrangements Involving a Change in the Carbon Skeleton. — 
All rearrangements involving a change in the carbon skeleton 
may be accounted for by a hypothesis of Whitmore^® as follows: a 
carbonium ion is formed, and an alkyl group together with its 
bonding pair shifts from a neighboring carbon atom to the car- 
bonium carbon. The direction of the shift is usually such that 
the new carbonium carbon carries a greater number of alkyl groups 
than the old one. These effects are especially well illustrated in 
the neopentyl derivatives, in which all reactions of the carbonium- 
ion type yield exclusively rearranged products. Thus the 
iodide (CH3)3CCH2l is converted by silver acetate to the rear- 
ranged. acetate (CH3)2C(OAc)CH2CH8;®^ the alcohol (CH3)3C- 
CH2OH is converted by HBr to the corresponding bromide 
(CH3)2CBrCH2CH3;®^ the amine (CH 3 ) 8 CCH 2 NH 2 is converted 

Hobrbx, Trans. Faraday Soc., 33, 670 (1937). 

Whitmokb, J. Am. Chem. Soc., 64, 3274 (1932). 

Whitmobb and Fleming, J. Chem. Soc., 1269 (1934). 

*2 Whitmobb and Rothbock, J. Am. Chem. Soc., 64, 3431 (1932;. 
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by nitrous acid to the alcohol (CH 3 ) 2 COHCH 2 CH 3 ;®^ and the 
alcohol (CH 3 ) 3 CCH 20 H is converted by sulfuric acid to the 
rearranged olefins (CH3)2C=CHCH3 and CH2=C(CH3)CH2CH3. 
These reagents are all calculated to produce a carbonium ion, and 
the products are all accounted for if the ion rearranges 

H1+ 

before reacting further. 

Rearrangements of this type, which are called Wagner-Meer- 
wein rearrangements, are frequent and important features of the 
reactions of terpenes. They have been studied in an especially 
detailed and useful way in the rearrangement of camphene 
hydrochloride to isobornyl chloride. 


CHa 

I / 

CHa - C - C 

I N 

CHa 


HaC CHa 1+ 

C-C-H (LI) 

HaC H 



As equation (LII) shows, the change may be accounted for by the 
Whitmore hypothesis. The reaction shows all the character- 
istics of a carbonium-ion intermediate.®^ Thus it is practically 
instantaneous in cresol and in sulfur dioxide, the very solvents 
in which the ionization of triphenylmethyl chloride is most 
extensive (page 53), and in general the rate parallels the ioniza- 
tion. In chlorbenzene the half time of the reaction at 40° is 
56 hr., yet it becomes practically complete in 5 min. at 20° in 
the presence of a O.OOIn concentration of the electrophilic 

FKauNn and Lenze, Ber., 24, 2150 (1891). 

(a) MsERWEnsr and van Emstbr , B^r., 56, 2500 (1922). (6) Bartlett 

and J- Am. Chem. Soc.y 60, 1585 (1938). 
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reagents SbCls or SnCU. It is also strongly accelerated by 
HgCl 2 , FeCls, and SbCls, in fact by all halides of the type that 
have an affinity for chloride ion and favor the ionization of 
triphenyl chloride. The reaction is faster with the bromide and 
with the chlorcymolsulfonate, slower with the trichloracetate 
than with the chloride, again paralleling the ionization tendency. 
In nitrobenzene the rate is increased by HCl, a phenomenon 
that also parallels the ionization of triphenylmethyl halides 
(page 54). That the effect of the HCl is of the nature of the 
one on the ionization rather than one due to the chloride ion is 
demonstrated®^ by the fact that lithium chloride has little effect 
on the rate. 

Camphene hydrochloride exists in mobile equilibrium with 
HCl and the cyclic olefin camphene; consequently, it furnishes 
the HCl catalyst for its own rearrangement if none is added. 
Under these conditions the rate law is 

• _ [camphene HCl]^ , , 

[camphene] ^ 

The carbon atom to which the chlorine is attached in iso- 
bornyl chloride is asymmetric; consequently, two stereoisomers 
may be formed from the ionic intermediate in proportions that 
depend upon the relative rates of their formation. The product 
that is most rapidly formed, isobornyl chloride, is not so stable 
as its stereoisomer bornyl chloride and rearranges slowly into it. 

In similar rearrangements in which the molecule contains only 
one center of asymmetry, the reaction product has always been 
found to retain at least some of its activity.®® The rearrange- 
ments behave, therefore, in the same way as the solvolytic reac- 
tions and related processes, in which a carbonium ion is formed 
but reacts further before it has completely lost the recollection of 
its original configuration. To the extent that the reaction 
product is optically active, the configuration on the asymmetric 
carbon should be inverted unless special steric factors enter into 
play. 

Hydride Shifts. — ^The group that shifts may be a hydrogen 
atom with its bonding pair, i.e., a hydride ion. In this way the 

“ WauiIS and Bowman, J. Org. Chem., 1, 383 (1936). 
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carbonium ion derived from a normal propyl compound is con- 
verted to an isopropyl ion 

✓ 

- C 

% 

By means of this kind of shift the Friedel-Crafts reaction of 
n-propyl chloride ^delds ^-propylben 2 ene, and the action of 
nitrous acid on n-propyl amine leads to ^-propyl alcohol. The 
hydride shift is an entirely diiferent process from the prototropic 
reaction (page 232) ; it is internal and spontaneous rather than 
external and dependent upon the intervention of an acid or base 
catalyst; it is the shift of a hydride ion instead of a proton, and 
the hydrogen moves one not two carbon atoms. 

The Pinacol Rearrangement. — The pinacol rearrangement may 
be initiated by the action of acid on a glycol, its classical form, 
by the action of silver ion on a bromhydrine,®® or by that of 
nitrous acid on an a-amino alcohol.^’' Obviously, therefore, it 
goes by way of a carbonium-ion intermediate. The reaction 
product can always be accounted for by the Whitmore hypothesis 


H H 

I I 

H- C- C 
H H 




The product of reaction (LIV) is the conjugate acid of the ketone 
R'CO — CR'R 2 ^ which is the product isolated. 

The migrating group attaches itself to the carbon to which 
it migrates on the side opposite that from which the hydroxyl, 
chlorine, or amine group was removed; hence, the configuration 
of this carbon is inverted.®^ This requirement may determine 
which of two possible groups migrates. In the relatively rigid 
structure of the l,2-dimethylcyclohexane-l,2-diols the ds 
compound in 20 per cent sulfuric acid yields as sole product 2,2-di- 

Atbrs, J, Am. Chem. Soc.^ 60, 2957 (1938). 

McKenzie and Richardson, /. Chem. Soc., 123, 79 (1923). 

Bartlett and PSckbl, J. Am. Chem. Soc.j 69, 820 (1937); Bartlett 
and Bavlby, ibid., 60, 2416 (1938). 
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methylcyclohexanone, and the trans compound forms 1-methyl-l- 
acetylcyclopentane. In the first case the methyl group migrates 
because it is in position to fall in on the side of the carbonium 
carbon opposite to that from which the hydroxyl is being removed ; 
in the second case a ring carbon is in a similarly favorable situation, 
and its migration converts the cyclohexane ring to a cyclopen- 
tane one. 

In l,2-dimethylcyclopentane-l,2-diol the cis compound rear- 
ranges easily to 2,2-dimethylcyclopentanone by migration of a 
methyl group. But the migration of the ring carbon in the 
trans isomer would lead to a highly strained cyclobutane deriva- 
tive; consequently, other reactions intervene and only tars can 
be isolated. 

The stereochemical specificity observed in these rearrange- 
ments is closely analogous to the incomplete racemization found 
in solvolytic reactions and must have the same cause, the further 
reaction of the carbonium ion before it is completely free. 

The Benzilic Acid Rearrangement. — This reaction 

H2O + CsHs - CO - CO - CeHs (C6H6)2C(OH)COOH (LV) 

exhibits a specific hydroxyl-ion catalysis with no measurable 
catalysis by the bases phenolate ion and o-chlorphenolate ion.®® 
Furthermore, the rate of rearrangement is slower than the like- 
wise base-catalyzed oxygen exchange.^® It follows that the 
rate is proportional to the concentration of the ion (P) formed by 
the reversible addition of hydroxyl ion to one carbonyl group. 
The reaction can, therefore, be accounted for by the shift of a 
phenyl group with its bonding pair 

"* CeHs — > 

(P) (Q) 

The addition of a proton to (Q) yields benzilic acid. The reac- 
tion is, in essence, similar to the Wagner-Meerwein rearrange- 
ment, the carbon atom of the carbonyl group in (P) carries only 

Wbstheimbr, J. Am. Chem. Soc., 68, 2209 (1936). 

Robbuts and Ueet, /. Am. Chem. Soc., 60, 880 (1938). 
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six electrons in one of the resonating structures, and the rear- 
rangement consists in the shift to this carbon from the adjacent 
carbon of a phenyl group along with its bonding pair. It differs 
in the sense that the carbonyl carbon is only weakly electrophilic 
and that the deficiency is made up by a high electron density in 
the neighborhood of the migrating group. The negative phenyl 
group is pushed by this rather than pulled by a high concentra- 
tion of positive charge. 

The Beckmann Rearrangement and Related Reactions. — The 
Beckmann rearrangement is a Wagner-Meerwein rearrangement 
in which the migrating group shifts from carbon to a positive 
nitrogen atom®^ 


R'-C-R" TR'-C- 

« - + H2SO4 ->■ « 

N-O-H L N 


rR'-c-R'H’^ 1 

C-R"! 


" 

L N J 1 

^R'-N J 



+ H2O + HSO4- 


[R'- N«C- R"]*^ + OH--^R'- N*C(OH)- R" 


(LVIl) 

(LVIII) 

(LIX) 


Instead of moderately concentrated sulfuric acid, in which the 
rate parallels the acidity function phosphorus chlorides 

are frequently used as rearranging agents. These probably act 
by substituting the anion of a strong acid, i.e., chloride ion 
or the ion of a phosphorus acid, for hydroxyl ion attached to 
nitrogen. The resulting ester then ionizes spontaneously or 
under the action of the solvent. 

In some cases oxime esters of strong acids, such as the aryl- 
sulfonates and the picrates, may be isolated.®^ These rearrange 
when they are dissolved in solvents of the type that favors 
ionization, the faster, the more polar the medium. Thus the 
rate of rearrangement of benzophenone oxime picrate is 35 times 
as fast in dichlorethane as in benzene at 50°, and that in CCI4 at 
70° is 0.15 times that in benzene. In carbon tetrachloride, polar 
solvents produce a marked acceleration. At 81° the specific rate 
in the pure solvent is 4.75 X 10“^. In 0 . 1 m solutions of the 

Chapman- and Howis, J. Chem. Soc., 806 (1933). 

Hamimett and Deyrup, J, Am. Chem. Soc., 64, 2721 (1932). 

« Kuhaba, Matsumita, and Matsthstami, C. A., 9, 1613 (1915). Chap- 
man', J. Chem. Soc., 1550 (1934). 
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following it is: CH3CN, 9.9 X 10"^; CH3NO2, 8.4 X 10^®; 
acetone, 7.2 X 10“®. Being polar substances, both the reactant 
and its rearrangement product also accelerate; hence, the order 
of the reaction is greater than one. The same effect is found in 
the solvolytic reaction of triphenylmethyl chloride. 

Only the strongest acids form oxime esters that rearrange in 
this way. Although the picrate rearranges easily, the 2,4-dinitro- 
phenolate fails to do so under the most favorable conditions. 
This effect together with the nature of the influence exerted by 
the solvent strongly supports the ionic mechanism, as does also 
the fact that the rearrangement of the picrate in the presence 
of the anions of another acid leads to the appearance of the latter 
in the final product. 

The reaction shows the same kind of stereochemical specificity 
as the pinacol rearrangement (page 320). The oximes exist 
in two stereoisomeric forms, which differ in the sense that the 
hydroxyl group points either to the right or to the left. The 
configurations are known from the physical evidence of dipole 
moments and from chemical evidence involving ring opening and 
ring closure.®^ When the groups R' and R" are not too different, 
the reactions of the isomers follow the course 


R'-C-R" R'-C-O-H 

II II 

H-O-N N-R" 

R'- C- R" H- O- C- R" 

II — II 

N-O-H R'-N 


(LX) 

(LXI) 


The group which shifts from carbon to nitrogen is the one which 
is in a position to attach itself to nitrogen on the side opposite 
to the original position of the hydroxyl, and the configuration 
of the nitrogen is inverted. As in so many cases of this sort, it is 
convenient to refer to the intermediate as an ion, but it is an 
ion that reacts further before it has lost the imprint of the struc- 
ture from which it came. 

Electron-attracting substituents retard, electron-repelling sub- 
stituents accelerate the rearrangement of benzophenone oxime 
picrate.®® When the substituent is in the migrating group, the 

• Reviewed by Blatt, Chem. Rev., 12, 220 (1933). 

Chapman and Fidler, Chem. Soc.y 448 (1936). 
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relative rates in ethylene dichloride at 84° for p-chlor, unsub- 
stituted, and p-methyl derivatives are as 0.20:1:8.0; when it is 
in the stationary phenyl they are as 0.41 :1 : 2.5 ; when both groups 
are substituted they are as 0.09 :1 : 28. The last figures are nearly 
enough the products of the first two sets. 

The Hofmann Degradation and Related Rearrangements. — 
Brombenzamides dissolve in aqueous alkali to form salts which 
rearrange at a rate that is only slightly dependent upon the 
concentration of sodium hydroxide.®® The probable mecha- 
nism®®* is 


0» "1- O' 

II II _ 

.CeHs- C- N- Br'J C- N + Br- 

O- 

II 

CgHb" C- N ->C8H6- NsC«0' 


(LXII) 

(LXIII) 


The shift of the phenyl group with its bonding pair from carbon 
to a nitrogen that carries only six electrons is similar to the one 
involved in the Beckmann rearrangement. The phenyl iso- 
cyanate reacts further in the aqueous medium according to known 
reactions which yield primarily aniline and carbon dioxide and 
secondarily diphenylurea. The effect of meta and para substit- 
uents in this reaction satisfies the usual linear free-energy rela- 
tionship, the value of p being —2.50; ortho substituents lead to 
relatively fast reaction. 

The familiar Hofmann degradation involves reacting an acid 
amide with alkaline hypobromite. This no doubt forms a 
bromamide that reacts according to equations (LXII) and 
(LXIII). The Curtius degradation of azides can be accounted 
for by the following very similar process: 


R-C = 0' C = 6» c = 0' 

■ I n 

N> R-N' R-N> 

N» N* N 

II II III 

«N N 


(LXIV) 


(a) Van Dam and Abbbson, Rec. trav. chim,, 19, 318 (1900). (6) 

Hausbk and Renfbow, J. Am. Chem. Soc., 69, 121 (1937). 
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and the Schroter synthesis of diphenylketene by 


CsHt- C = 6 

f 

C- C,H5 

I 

N« 

II 

•N 


C = 0' 

I 

CeHft” C“ CgHs 

I 

N» 

II 

<N 


C= 0« 

II 

CeHs - C- CeHs 
N 

III 

N 


(LXV) 


Substances of the type CeHsCO — ^NH — 0 — CO — CeHs are 
rearranged by bases to the same products as the brombenzam- 
ides.®^ The process is favored by electron-attracting substituents 
in the right-hand phenyl and retarded by the same substituents 
when they are in the left-hand phenyl (page 190). These 
effects correspond to a key process of the same type as reaction 
(LXII). 

In the rearrangements of the optically active substances (R) 

CeHsCHa H 

\ ^ 

C 

CHs C- NH- O- CO- CHa 

11 

O 

W 

CeHa - CHz H 

N ✓ 

c 

r S 

CHa C-NHa 

II 

o 

(T) 

and (S) and the Hofmann degradation of the active amide (T), 
the products are all active and have the same sign and magnitude 
of rotation. It seems, therefore, improbable that much racemi- 
zation has occurred, but it is not known whether the configuration 
of the migrating group has been inverted or not.®® 
Rearrangements Involving the Shift of a Positive Group. — The 
diazoamino rearrangement 

CeHs - NH - N = N - CeHs -> pH2NCeH4 - N = N - CeHs (LXVI) 

Rbotbow and Hauser, J. Am. Chem. Soc., 59, 2309 (1937). 

Jones and Wallis, J. Am. Chem. Soc., 48, 169 (1926). Wallis and 
Nagel, ibid., 63, 2787 (1931). Wallis and Dripps, ibid., 55, 1701 (1933). 
Wallis and Moyer, ibid., 56, 2598 (1933). 


CeHsCHs H 

\ ^ 

C 

/ \ 

CHe C-N = N=*N 

II 

O 

(R) 
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is most satisfactorily carried out by dissolving the reactant in 
aniline along with aniline hydrochloride, the anilinium ion of the 
latter being an acid catalyst (page 286 ) . The reaction is external 
rather than internal and involves a dissociation followed by recom- 
bination. Thus the reaction of CHSC6H4NH — N=N — C6H4CH3 
in the solvent aniline leads chiefly to HjN C6H4 — ^N=N C6H4GH 3.®® 
The following is, therefore, a satisfactory mechanism 


CeHs- N - N = N - C,Hj + BH+ ; 


H 

CeHj- N- N = N - C,H6 

t 

H 


+ B 

(LXVll) 


H 

I „ _ 

CgHs - N - N = N - CcHb 

I 

H 


: CfiHsNHa + t« N S N - C6H6]+ (LXVIll) 


The benzenediazonium ion then couples with an aniline molecule 
in the para position. The reaction can be made to take place in 
water, but the yield is poor because the formation of phenol and 
other reactions of the diazonium ion have rates comparable with 
that of the coupling. In the presence of the readily coupling 
/5-naphthol, diazoaminobenzene in water solution gives a 90 per 
cent yield of benzeneazo-jS-naphthol and aniline. Using aniline 
as a solvent for the reaction simply increases the rate of the 
coupling relative to that of the side reactions. 

Aminoazobenzene is obviously more stable than diazoamino- 
benzene; yet its rate of formation from aniline and benzene- 
diazonium ion is slower. This is another example of the 
principle that parallelism between rate and equilibrium cannot be 
counted on when the nature of the reacting groups differs. Here 
one reaction involves the formation of a nitrogen-carbon link, 
the other the formation of a nitrogen-nitrogen link. 

The rearrangement of JV‘-alkylanilinium salt to nuclear alky- 
lated aniline probably takes a similar course with the carbonium 
ion of the migrating alkyl as the intermediate.^® The acid- 
catalyzed rearrangement of alkyl phenol ethers to nuclear alky- 
lated phenols appears to be of the same sort and is certainly 

•’Nibtzki, Ber.j 10, 662 (1877). Rosenhatteb and TTngbb, iUd ., 61, 
392 (1928). Kidd, J, Org. Chem., 2, 198 (1937). 

Hiceinbottom, J, Chem, Soc,^ 1700 (1934). 
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external in some if not all cases, since 2 ?-ethyl anisole is formed 
when ethyl phenyl ether rearranges with anisole as the solvent,^^ 
With longer alkyl groups the typical rearrangements of a car- 
bonium ion occur, thus phenyl-s-butyl ether 3 delds <-butylphenoL 
When the alkyl group is asymmetric, the rearranged material is 
optically active, which is not incompatible with the carbonium- 
ion mechanism.'^^ The rearrangement of phenyl allyl ethers may 
possibly involve an internal ring formation, but the evidence for 
this is incomplete. 

The acid-catalyzed benzidine rearrangement 

CfiHs- NH - NH - CeHfi H 2 NC 6 H 4 - C 6 H 4 NH 2 (LXIX) 

appears to be internal since a mixture of 2,2'-dimethoxybenzidine 
and 2,2'“diethoxybenzidine, which rearrange at comparable rates, 
yields none of the 2-methoxy-2'-ethoxydiphenyl which should be 
formed if a rupture of the reactant into fragments were involved.^® 
The internal reaction in this case may be connected with the 
possibility of configurations in which the para positions of the 
two rings are close together. 

. In the rearrangement 

CeHfi H CeHfi H 

N / ^ S ^ ^ 

C 'O' -» C O' (LXX) 

CH. 6 -S-C,H 7 ch, s 

» 0 CtHt 

optically active sulfinate yields largely but not always com- 
pletely racemized sulfone."^^ The configuration of the alkyl 
group appears to be retained. This is contrary to all experience 
if the reaction involves a rupture into carbonium and sulfinate 
ions; it is intelligible if the shift is an internal one. 

The If-Halogeiiacylaiiilide Rearrangement. — ^The rearrange- 
ment of W-chloracetanilide in aqueous solution has a rate that is 
proportional to the product of the activities of oxonium and chlo- 
ride ions or, what amounts to the same thing, to the activity of 

Short and Stewart, /. Chem, Soc., 653 (1929). 

Sprung and Wallis, J. Am. Chem. Soc., 66 , 1716 (1934). 

Ingold and Reid, /. Chem. Soc., 984 (1933). 

Arcus, Balpe, and Kenton, J. Chem. Soc., 486 (1938). 
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molecular HCl (page 277) . The reaction is specifically dependent 
upon the presence of chloride ion, other acids than hydrochloric 
having relatively little effect. When it is carried out in the 
presence of radioactive chloride ion, the rate of entrance of 
radioactivity into the organic materials is greater than the rate 
of rearrangement.^^ These effects are consistent with the 
mechanism 


H 

CfiHs- N 

C- CHs 

❖ 

>0 

+ H 2 O H- • Cl - Cl • (LXXI) 
CfiHs - NH - CO - CH 3 + CI 2 Cl " C 6 H 4 NH - CO - CHs -H HCI (LXXI I) 

with the second step rate determining. The first step probably 
involves the reversible addition of a proton to the unshared 
pair of the nitrogen, which so increases the positivity of the 
chlorine that it becomes easily transferred to a chloride ion. 
The rearrangement is far from clean, 30 to 75 per cent of the 
reactant being converted to unidentified products other than 
p-chloracetanilide.’'®^ 

The analogous rearrangement of iV-bromacetanilide, on the 
other hand, cannot have Bra as an intermediate because the con- 
centration of bromine can be shown to be too small, the rate of 
reaction of bromine with acetanilide having been independently 
determined.'^® The intermediate may very well be the ion Br+. 

^ (a) Olson, Halford, and Hornbl, J", Am. Chem. Soc., 69, 1613 (1937). 
(6) Olson and Hornbl, J. Org. Chem., 3, 76 (1938), 

Bell, J. Chem. Soc., 1154 (1936). 


CM 
✓ “ 

CfiHg ■“ N -j- OHa"*" -j- Cl” ^ 

C-CHa 

❖ 

«0 



CHAPTER XI 

CARBONYL-ADDITION REACTIONS 


Catalysis in Carbonyl-addition Reactions. — ^Although the 
typical addition reaction of the carbonyl group involves the 
attachment of a nucleophilic group to the carbon of the carbonyl, 
very few reactions exhibiting the simple kinetics of this process 
have been investigated. Lapworth’s evidence (page 152) that 
the cyanhydrine reaction has as a rate-determining step the 
process 


C = O • + CN- 


o» - 

CN, 


(0 


is convincing even though it is qualitative. The second-order 
reactions of carbon dioxide with hydroxyl and alkyloxy ions/ 
e,g., 


» 5 = C » 6 » + [• 6 - H]- 


9 ' 

• 6 = c 

O- H. 


(II) 


are of this type as are the initial steps in the hydroxyl-ion cata- 
lyzed oxygen exchange on ketones (page 242) and the benzilic 
acid rearrangement (page 321). A most important example is 
the reaction with the Grignard reagent, which involves a similar 
addition of the carbanion of the reagent to the carbonyl carbon 


C=*0* + R'- Mg+ 


R 


R' 


C 

^ N ^ 

R 0» 


-h Mg++ 


(IN) 


More generally, the kinetics of these reactions show complica- 
tions which result from the fact that both reactants are bases. 

iFatjbholt, Z, phydk, Chem., 126 , 72; 86; 211; 227 (1927). 
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in which Cq is the stoichiometric concentration of semicarbazide 
(base plus conjugate acid), it follows that 

If only one acid other than oxonium ion is present, this reduces to 

K = + fcH[OH3+]} (6) 

and by use of 

[OH3+] = 
to 


Ar ’T Aa i^Zj ^ ^ 

According to equation (7) the specific rate k increases indefi- 
nitely (the derivative dfc/d[HA] is always positive) when the 
concentration of the acid HA is increased while the concentration 
of the conjugate base A“ is held constant. A more usual experi- 
mental procedure, however, is to study the reaction in a series of 
buffer solutions for which the sum [HA] + [A"”] is a constant. 
For this condition equation (7) predicts a maximum rate at a pH 
that is a complicated function of the rate and eqxiilibrium con- 
stants involved. If the further condition is applied that the 
term &h[OH 8’^] of equation (6) may be neglected compared with 
/[JaIHA], if therefore catalysis by oxonium ion is negligible com- 
pared with that by the acid HA, the condition for the maximum 
rate of reaction reduces to 

[OHs+I = VMa (8 ) 

and the maximum rate is observed when the concentration of 
oxonium ion is the geometric mean of the acidity constants of 
the catalyst acid and the conjugate acid of semicarbazide. 
Since the range of acidities that can be established and main- 
tained by buffer solutions of a given acid is limited to one pH 
unit or so on either side of a value of pH equal to the pJfiTa of the* 
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acid, the maximum will be observed experimentally only when 
the catalyst acid does not differ too widely in strength from the 
semicarbazide conjugate acid. 


Table I. — Rate op Formation op Acetone Semicarbazone^® 


Buffer 

pH 

k 

Oitrate 

2.84 

0.0188 

Aeetate 

4.00 

0.071 

Acetate 

4.52 

0.091 

Acetate 

4.84 

0.088 

Phosphate 

5.84 

0.095 

Phosphate 

7.00 

0.034 



The concordance of these conclusions with the experimental 
data is demonstrated in Table I, which presents data on the 
formation of acetone semicarbazone in water at 0.1®. The rate 
in acetate buffers goes through a maximum at a pH close to the 
value 4.6 predicted from equation (8) and the values pi^R = 4.40 
and pif A = 4.78. The rate is very different in phosphate buffers 
and in acetate buffers of the same pH, a characteristic general 
acid catalysis phenomenon, and general acid catalysis is further 
demonstrated by the fact that the rate of formation of furfural 
semicarbazone in a series of acetate buffers of pH = 4,4 increases 
by a factor of 1.8 when the buffer concentration is increased from 
0.030 to 0.069m. The predicted maximum for phosphate buffers 
lies at 5.5, which is outside the practicable range of these buffers. 

From the practical point of view, the highest rate is obtained 
by using the largest possible concentration of an acid, the acidity 
constant of which is approximately the same as that of the con- 
jugate acid of semicarbazide, together with suflBicient of the base 
conjugate to the catalyst to make the pH nearly equal to pJ^R. 
An acetic acid-acetate buffer fits these specifications excellently. 

The effect of the structure of the carbonyl compound upon 
the rate of semicarbazone formation has already been listed 
(page 211). As in other cases where such unrestricted changes 
in structure are involved, these figures must not be assigned very 
general significance. The ratio of the rates of reaction of two 
carbonyl compounds varies with the medium in which the reac- 
tion occurs and witid the catalyzing acid, and such specifi^^ 
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effects may even lead to a reversal of the order of reactivities. 
Thus the rate of reaction of acetone is four times as large as that 
of o-nitrobenzaldehyde in an acetate buffer in a methyl cellosolve- 
water medium and only one-third as large in a chloracetate 
buffer in the same medium. This means merely that the x of 
the Br0nsted catalytic equation has very different values for the 
different carbonyl compounds. The situation is typical of the 
difficulties that confront the attempt to translate the skilled 
organic chemist^s feel for structural effects into quantitative or 
even into unambiguous qualitative relationships. 

The Mechanism of the Semicarbazone Reaction. — Since the 
carbon-nitrogen linkage in the semicarbazone is formed by an 
electron pair contributed by the semicarbazide, the catalysis must 
depend upon an attack by the acid on the carbonyl compound. 
Such an attack must decrease the electron density on the carbonyl 
carbon and favor the formation of the carbon-nitrogen bond; an 
attack on the semicarbazide would decrease the electron density 
on the nitrogen, which is unfavorable to reaction. If the reac- 
tion follows the steps 


RaC » O + HA [RaC - O - H]+ + A- 
&-1 


[RaC-O- Hl^ + HaN- NH-CONHa 




k^2 


rH-0 H 

RaC - N- NH-CONHa 

I 

H 


(VI) 

+ 


k2 (VII) 

[R2C(0H)- NHa- NH- CONHal^ + A--^ 

R2C(0H)- NH- NH-CONHa 4* HA (Vfll) 


followed by a rapid dehydration of the semicarbazone hydrate, 
either reaction (VIII) or some later proton transfer must be rate 
determining. If reaction (VI) were determining, the rate would 
be independent of the concentration of semicarbazide; if reaction 
(VII) were determining, the rate equation would be 

» = ^“[A0][H.NB]M (9) 


and the reaction would show specific oxonium-ion catalysis. If 
reaction (VIII) is rate determining, the rate equation becomes 


» = |i^[AO][H2NB][HA] = .KiiTsfcaEAOlIHsNBlIHA] (10) 
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in agreement with experiment. The same dependence of rate on 
concentration follows if the reaction depends upon a reversible 
hydrogen bonding of acid and carbonyl compoxmd 


RsC = O + HA RaC = O— H- A (IX) 


or less probably if the reaction is truly termolecular and involves 
a three-body collision. In terms of the transition-state theory 
the distinction between the mechanism of reactions (VI), (VII), 
and (VIIII) and the alternatives reduces to the question of 
whether the transition state (A) or (B) is the more probable. 


H 

I 

R N-NHCONHj 
% ^ \ 

C H 
^ ^ \ 

R O A 

H 

(A) 


H 

I 

R N-NHCONH2 

V X \ 

C H 


R O 

A 

iB) 


The kinetics and presumably the mechanisms of reaction of 
the other classical carbonyl reagents are similar to those of semi- 
carbazide, although they have been less completely investigated. 
The formation of oximes shows an optimum pH when measured 
with ordinary buffer systems, the rate decreasing at both higher 
and lower acidities.^ In strongly alkaline solutions the rate 
increases again, presumably because of the formation of [H2NO]”, 
which should be a more active nucleophilic reagent than H2NOH.^ 
The phenylhydrazone and osazone reactions of sugars have rates 
that depend upon the nature and concentration of the buffer solu- 
tion in which the reaction occurs, even when the pH is constant.® 
This fact demonstrates the presence of a general acid catalysis. 

The Eqnilibrimn of the Semicarbazone Reaction. — ^The semi- 
carbazone formation is reversible and comes to an equilibrium 
the composition of which is markedly affected by the acidity of 
the solution because semicarbazide and the semicarbazone are 
both bases. If the acidity constants of semicarbazide and of 
the semicarbazone ANB are defined by the equations 

* OiiANDBK, Z. physik. Chem.j 129, 1 (1927). 

* BAKEtBTT and Lapwobth, J, Chem. Soc., 93, 86 (1908). Ackee and 
Johnson, Am. Chem, J,, 38, 308 (1907). 

« Abdagh and RnrHBBPOEn, J, Am, Chem. Soc., 67, 1086 (1936). 
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^ _[BNHJ[0H3+] 
[BNHs+] 

^ _ [ANB][OHs+l 
° [ANBH+] 


( 11 ) 

( 12 ) 


and the true equilibrium constant for the semicarbazone forma- 
tion by 


^ _ [ANB] 

" [AOlIBNHi] 


(13) 


then the apparent constant 


_ [ANB] + [ANBH+] 
{[BNH 2 ] + [BNH3-+I}[A0] 


(14) 


is easily shown to be given by 

1 + 

K = Ko 

1 + 


[OH 3 +] 

Ko 

[OH 3 +] 

K:el 


(15) 


This equation agrees satisfactorily with the experimental obser- 
vations, as indeed it must if the activity coefficients involved are 
reasonably constant. K varies from a value equal to Kq at low 
acidities to the considerably smaller value KqKr/Kc at high ones. 
Table II lists values of the various equilibrium constants in 


Table II. — ^EguiLiBRixrM: in Sbmicaebazone Fobmation and Similar 
Reactions at 26 ‘* 2 » 


Substance 





Furfural semicarbazone 

130 

0.036 

0.22 

800 

Acetaldehyde semicarbazone 

48 

0.078 

0.22 

136 

Benzaldehyde semicarbazone 

330 

0,111 

0.22 

660 

P 3 rruvic acid semicarbazone 

200 

0.258 

0.22 

170 

Acetone semicarbazone 

0.31 

0.046 

0.22 

1.6 

Acetone oxime 

Acetone phenylhydrazone 

1080 

0.6 

0.012 

0.00080 

0.0061 

72 


aqueous solution at 25°. Only in the case of acetone semicarba- 
zone and probably in that of acetone phenylhydrazone is the 
extent of reaction small even in acid solution. 

The kinetics of the hydrolysis of a semicarbazone follow from 
equation (16) for the equilibrium and equation (6) for the rate of 
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formation together with the relation if = fc+/fc_. These lead to 

*■- - g.|X0 Wll I'*™ + 

The reaction must, therefore, show general acid catalysis and an 
optimum rate at a pH that bears the same relation to Kc as the 
optimum rate of formation does to Kr. The transition state 
must be the same for forward and reverse reactions, and instead 
of A or B might rather obviously be (C) 

R H-A 

I t 

R- C- N- NHCONHs 
H-O-H 

(C) 

Addition Reactions of Quinones. — ^These are 1:4 additions to a 
conjugated system. The reaction with HCl has a rate in 
methanol that varies approximately as the square of the con- 
centration of HCl and probably exactly as the product of the 
activities of oxonium and chloride ions.® The probable mecha- 
nism involves the reversible addition of a proton and the rate- 
determining attachment of a chloride ion 



followed by an enolization to chlorhydroquinone. 
• Ebbbt, Z. ElektroAem., 31, 113 (1926). 
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The Mutarotation of Glucose. — This depends upon the reversal 
of a carbonyl-addition reaction. The reaction consists in the 
reversible inter conversion of one stereoisomeric form of glucose 
into another which differs only in the configuration of the carbon 
atom marked with a star in formula (D) 


H ★ 0-H 

N ✓ “ 

H C 
\ \ 

HO-C ‘O* 

H-C C-CH 2 OH 

X N / \ 

HO C H 

✓ X 

H OH 

(D) 


and requires, therefore, the rupture and reestablishment in an 
inverted configuration of one of its linkages. This link can- 
not be the one to hydrogen because the mutarotation is not 
accompanied by the replacement of this hydrogen by deuterium 
when the reaction takes place in DaO;^ it must therefore be that 
to oxygen. In view of the general acid and general base catalysis 
the only reasonable mechanisms are the following: for the acid 
catalysis the mobile and reversible addition of a proton to the 
ether oxygen followed by a rate-determining reaction with a base 


H 0-H 
H H 

\ r \ r 

HO-C *0 
H-C C-CH 2 OH 


/ X / \ 


HO 


H 


H OH 


+ A-- 


H O* 

H C 

HO-C 'O-H 


H- C 

^ \ ^ s. 

HO C H 
H " ^ OH 


4-HA 
r 

C-CH 2 OH (XII) 


for the base catalysis the mobile and reversible removal of a 
proton, followed by a rate-determining reaction with an acid 

^ Fbbdbnhagen and Bonhoepfer, Z, physih Chem,, A181, 392 (1938), 
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H O' 

\ r ~ 

H C 

S / X 

HO-C ‘O' 

H-C C-CH2OH 

^ X / X 

HO C H 
H " " OH 


+ BH+ 


H 0 ‘ 

X ❖ 

H C 

X V 

HO-C ‘0 -H 

I I “t" B 

H-C C-CH2OH 

✓ X ^ X 

HO C H 

H OH (XIII) 


In either case the reversion of the aldehydic form of the sugar 
to the ring form may take place in either configuration of the 
aldehydic carbon, and this accounts for the change in rotation. 
The driving force necessary for the rupture of the ether linkage 
must be attributed to the incipient formation of the carbonyl 
group as must also the fact that this reaction, unHke others 
involving ether linkages, shows a base as well as an acid catalysis. 

The mutarotation requires an acid as well as a base; it involves 
the addition as well as the loss of a proton. That neither alone 
is suflS-cient is demonstrated in the case of tetramethylglucose by 
the fact that mutarotation is not observed in the moderately 
acid but very weakly basic solvent cresol, nor in the basic but not 
acidic solvent pyridine, but is rapid in a mixture of the two sol- 
vents.® This does not, however, prove that the attack of the 
acid and the base must be simultaneous; either the addition or 
the loss of the proton may become the bottleneck according as the 
acidity or the basicity of the medium is low and regardless of the 
sequence of the operations.® 

The hydrolysis of dimeric dihydroxyacetone (E) likewise 
involves the rupture of a cyclic hemiacetal and also shows general 
HOCH2 O-CH2 OH 

X X 

c c 

HO CH2-O CH2OH 

{B) 


acid and general base catalysis.^® 

The Reactions of Cyanamide. — ^These are typical of the addi- 
tion reactions of the C=N double bond and have been studied in 


* Lowry and Richards, J, Chem. Soc,, 127, 1385 (1925). 

® Pbdbrsbn, Dis., Copenhagen 1932; /. Phya. Chem,, 38, 681 (1934). 
Bell and Baughan, J. Chem, Soc., 1947 (1937). 
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a most illuminating fashion. Cyanamide, HN=C=NH, is a 
weak acid the ionization constant^® of which at 50° is 2.01 X 10““. 
It may be hydrolyzed to urea by a reaction that is catalyzed both 
by strong acids (page 274) and by strong bases. It is poly- 
merized to dicyandiamide by a reaction that is second order in 
cyanamide and shows a sharp maximum in rate at a pH of 9.7, 
with the rate dropping off rapidly in more and in less alkaline 
solutions. These results are consistent with the kinetic law 

V = fco[HNCNH][HNCNi (17) 

If c is the stoichiometric concentration of cyanamide 

c = [HNCNH] -I- [HNCN-] (18) 

and K the acidity constant of cyanamide it is easily shown that 
the specific rate k = v/e^ is given by 

This function has a maximum when K = [OH3+]; f.e., when 


pH = piT == 9.7 (20) 

in agreement with the experimental results. Table III shows 
the correspondence of the experimental values of k with those 
predicted from equation (19). 


Table III. — Qbsbbted and Calculated Specieic Hates m CrANAMms 
Polymerization^^ 


pH 

9.0 

9.6 

10.5 

11.4 

10®Aj (obs.) 

5.8 

9-2 

6.8 

0.86 

lO^A; (calc.) 

5.8 


5,8 

0.86 



The reaction mechanism can be obviously and satisfactorily 
accounted for as an addition of the nucleophilic anion to the 
carbon end of the C=N system 

Buchanan and Barskt, J. Am. Chem. Soc., 62, 195 (1930). BaRskt 
and Buchanan, iUd., 63, 1270 (1931). Barskt, Chemie <Ss Industrie, 28, 
1032 (1932). 

12 KIamatama, Trans. Electrochemical Soc., 40, 131 (1921). 
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H-N = CaN-H+[iN = C = N-H]--^ 




H- N- C« N- H 
" * 

iN=C=N- 



(XIV) 


forming the conjugate base of the polymer. 

The base-catalyzed hydrolysis of cyanamide to urea can be 
observed only in solutions so alkaline that the polymerization 
rate is small. Under these conditions the rate is independent 
of hydroxyl-ion concentration. This is nevertheless consistent 
with an addition of hydroxyl ion to neutral cyanamide as the 
rate-determining step 


H- N = C*N- H +['6- H]- 


H- N- 0= N- H'“ 
•O- H 


(XV) 


and the conjugate base of isourea as its product. The rate 
equation for this mechanism is 


t; = fe[HNCNH][OH-] = 

= (2V\ 

K + [OHs+] 

This becomes independent of acidity in strongly alkaline solutions 
because [OHs"^] <5C K, The situation arises from the fact that the 
conversion of cyanamide to the conjugate base is nearly complete, 
and the concentration of neutral cyanamide varies inversely as 
the hydroxyl-ion concentration. The probable intermediates 
in the acid-catalyzed hydrolysis are {F), ((?), and (J?). 


r 

+ 



H 




^ . y 


H-N*»C~N 


PH- N = C- N- H-|+ 

H- N 


\ 


' ' 

1 ^ 


H. 


L H-O-H hJ 

'O- H 

H 

(F) 


(6) 

(m 



The reaction of hydrogen sulfide with cyanamide to form 
thiourea shows kinetics which indicate that it involves the addi- 
tion of HS" to neutral cyanamide. The rate equation for such a 
process is 


_ JccoCaK^p'BU^] 

{Ko + IOH,+]} {Ks + IOHs+]} 


(22) 
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with Cc and ce the stoichiometric concentrations of cyanamide 
and hydrogen sulfide and Kg and Kb the acidity constants of the 
same substances. The rate has a sharp maximum when 

[0H»+] = (23) 

Since hydrogen sulfide is a considerably stronger acid than 
cyanamide (pjC = 7 at 26°), the maximum appears in a con- 
siderably more acid solution than does that for the polymeriza- 
tion. Consequently, it is possible to make the technically 
desirable synthesis of thiourea predominate over the undesired 
polymerization. 

On the other hand, the addition of cyanide ion to cyanamide 
to form a product, presumably HN=C(CN) — NH 2 , that can be 
hydrolyzed by acids to oxalic acid cannot be favored in com- 
petition with the polymerization by adjustment of the pH. 
This is because the ionization constant of HCN (piT == 9.14 at 
25°) is so nearly the same as that of cyanamide that the addition 
and the polymerization have nearly the same dependence on 
acidity. 

The Decomposition of Formocholine Chloride. — ^The reaction 

[(CH3)8NCH20H1+ (CH8)8NH+ + CH 2 O (XVI) 

reverses a carbonyl-addition reaction. The rate varies inversely 
as the concentration of oxonium ion in citrate buffers at pH’s 
in the neighborhood of 2 or 3 and is very rapid in alkaline solu- 
tions. At 26° the equation 

log k = -6.795 + pH (24) 

is satisfied by the trimethyl derivative and the equation 

log h = -4.991 + pH (26) 

by the triethyl derivative. There appears to be no general 
base catalysis, for threefold dilution of the buffer changes the 
rate only 2 per cent. A satisfactory mechanism involves the 
reversible removal of a proton, followed by a first-order rupture 
of the C — N bond 

13 Stewaht and Kung, J, Am, Chem, See., 56, 4813 (1933). 
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CHs H CHg H 

« » . > ' - 

CH 3 -N c- 0* ->CH 3 - N« + C = 0* (XVII) 

t I “ I ^ 

CHs H CHg H 

The normally firm bond is easily ruptured because of the incip- 
ient formation in the transition state of the C==0 bond. 

The closely related reaction^^ 

R H R 

N H N = CH 2 + -h HSO 3 - (XVIli) 

^ \ ^ f 

R C R 

H SO 3 

is reversible and has a small equilibrium constant. In the 
presence of iodine, bromine, or hydrogen peroxide the sulfite is 
rapidly and irreversibly oxidized, the reverse reaction is sup- 
pressed, and reaction (XVIII) becomes the rate-determining step 
of the oxidation process, the rate of which is independent both 
of the nature and of the concentration of the oxidizing agent. 
The rate of this reaction decreases with increasing acidity up to 
a pH of 1 beyond which there is little effect. At 30° the rates for 
various R’s are as foUows: methyl 0.00103; ethyl, 0.00271; 
n-propyl, 0.00923; i-propyl, very fast; whereas that for the 
piperidine derivative is 0.000654, showing a large and specific 
effect of ring closure. 

The Aminonitrile Reaction.^* — ^Acetone cyanhydrine and 
diethylamine react in acetone at a rate which is strictly propor- 
tional to the product of the concentrations of cyanhydrine and 
of amine and which shows a pronounced linear acceleration by 
tertiary amines. In ethyl alcohol, the rate is small unless acetone 
is added; when acetone is added, it is proportional to the product 
of the concentrations of acetone and amine and independent of 
the concentration of cyanhydrine. Except for the catalysis by 
tertiary amines, these effects are accounted for by the series of 
reactions 

(CH3)2C(0H)CN (CH,hO =* O -h HCJNI (XIX) 

(CH3)2C0 -h RsNH ^ (CH,) 8 C(OH)NRj (XX) 

(CH3)2C(0H)NR2 + HCN (OH,)3C(CN)NRa + HjO (XXI) 

w Stbwakt and BbaiJlbt, Am. Chem. Soc.^ 64, 4172; 4183 (1932), 

^ Stewaht and Li, Am. Chem. Soc., 60, 2782 (1938). 
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with reaction (XXI) rate determining in acetone solution and 
reaction (XX) determining at the relatively low acetone con- 
centrations used in the alcohol solution. Reaction (XIX) is 
known to be mobile and reversible under the basic conditions 
of the experiments. The dij9S.culty in accounting for the action 
of tertiary amines lies not in the fact that they catalyze but in 
the absence of catalysis by diethylamine, which would lead to a 
term in the square of the amine concentration in the rate equation. 

Aldol-type Reactions: Basic Condensing Agents. — The aldol 
condensation is typical of a wide variety of synthetically impor- 
tant reactions that can be accounted for in terms of a mechanism 
of the following type: 


HaC" CHO + B;;=i[H2C- CHO]- + BH+ 

H 


[H2C - CHO]- + HsC - CHO ; 


HaC- C - CH2CHO 

t 

*0* 


(XXII) 

(XXIII) 


H 

I 

HaC"" C “ CH2CHO 

I 

«0' 


+ BH+ :;:± HaC - CHOH - CHj - CHO + B 

(XXIV) 


The reaction is the usual carbonyl addition, but the nucleophilic 
reagent which adds to the carbonyl carbon is derived from a 
second molecule of aldehyde by the loss of a proton from carbon. 
In the reaction of acetaldehyde the rate is first order in aldehyde 
and nearly proportional to the hydroxyl-ion concentration.^® 
This indicates that reaction (XXII) is rate determining as does 
also the fact that no deuterium becomes attached to carbon when 
the reaction is run in deuterium water. If the second step were 
rate determining, the fibrst would be mobile and reversible and 
the pickup of deuterium on carbon would be faster than the 
condensation. There are minor quantitative deviations from 
the simple kinetics indicated; the rate at 25® satisfying the 
equation 

V = [CH»CHO]{2.6 X 10-4 + 0.111[OH-]} (26) 

in the range of sodium hydroxide concentrations from 0.003 to 
0.03 m but dropping off toward zero at lower concentrations.^® 

« Bull, J. Chem. Soc., 1687 (1937). 

Bonhobfper and WAiiTURS, Z. physik. Chem., A181, 441 (1938). 
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That the first term of equation (21) does not represent a water 
catalysis is evidenced both by its disappearance at low alkali 
concentrations and by the failure of catalysis by other bases 
(carbonate and acetate ions) to appear. The complicating factor 
may be the hydration of the aldehyde.^® 

Aldolization is in general measurably reversible, although it 
goes nearly to completion with aldehydes. With acetone, on the 
other hand, the extent of polymerization to diacetone alcohol at 
equilibrium amounts to only a few per cent. The kinetics of the 
dealdolization have been extensively investigated.^® The reac- 
tion is a strictly second-order one of diacetone alcohol with 
hydroxyl ion, and no catalysis by carboxylate ions has been 
observed, although there is a specific one by certain amines 
(page 362). • From the rate of dealdolization and the equilibrium 
constant the rate of aldolization of acetone can be calculated and 
is found to be about one-thousandth of the rate of iodination or 
of deuterium exchange under the same conditions.^® In the 
system of reactions 

CHsCOCHg + OH- ^ [CHjCOCHa]- + H 2 O (XXV) 

k-i 

[CHaCOCHar -1- CH 3 COCH 3 ^ [CH 3 C 0 CH 2 C( 0 )(CH 8 ) 2 ]“ (XXVI) 

[CH,COCHsC(0)(CH,)s]- + H,0 ^ CH,COCHsC(OH).(CH,)s + OH" 

*■' (XXVII) 

fci, which determines the rate of halogenation or exchange, must 
therefore be much larger than the over-all rate of aldolization, 
which implies that reaction (XXVI) is rate determining. At the 
same time, the fact that the dealdolization rate is not measurably 
affected by the concentration of acetone^®^ demonstrates that 
reaction (XXVI) is rate determining in the reverse direction also. 

The Amine Catalysis of Aldol Reactions. — The diacetone 
alcohol reaction is specifically catalyzed by ammonia and by 
primary and secondary amines. Tertiary amines catalyze only 
to an extent measured by the hydroxyl-ion concentration of their 
solutions, and the catalytic constants for other amines fail to 

“ (a) Kobuchbn, Z, physik, Chem,, S3, 129 (1900). (&) LaMbk and 

Millbe, J. Am. Ckem, Soc.^ 67, 2674 (1935). 

WALTEEsand Bonhoepfee, Z. physik, Chem,, A182, 265 (1938), 



CARBONYL-ADDITION REACTIONS 


345 


satisfy the Br0nsted law.^® Some catalytic constants at 18.05° 
are shown in Table IV, along with the basicity constants Kb of 

Table IV. — Catalytic Constants in the Diacetone Alcohol Reaction 


Catalyst 

OH- 

CH3NH2 

(CH3)2NH 

(CH3).N 

(C2H6),N 

104^ 

17.8 

2.22 

0.147 

0 

0 

lO^Kb 

— 

3.2 

3.4 

0.32 

3.2 


the amines. A reasonable intermediate in terms of which to 
account for this catalysis is the dipolar ion (/).^^ A substance of 


CHs H 

I I 

HaC- C c- c- CHa 

I I II 

• O' H N 
- ^ \ 

R R 

( 1 ) 


CHs H 

I I 

HaC- C C- C- CHa 

I I II 

• O' H O-H 

(/) 


this type is possible with any amine except a tertiary one; because 
of the greater basicity of nitrogen, it is more likely to be formed 
than is the oxygen compound (J), and the accumulation of 
negative charge on the left must favor the rupture into (CH3)2CO 
and CH2=-C(CH3)NIl2. 

The Emovenagel, Perkin, and Related Reactions. — The conju- 
gate base of the aldehyde that appears in reaction (XXIII) may 
be replaced by a wide variety of carbanions. The general reac- 
tion involves, therefore, a carbonyl compound, an acidic .com- 
ponent, and a base catalyst or condensing agent. As carbonyl 
components, aldehydes are, as usual, more reactive then ketones. 
As acidic component the most reactive substances are those of 
relatively high acidity, like acetacetic ester, malonic ester, 
cyanacetic ester, cyanacetamide, and aliphatic nitro compounds. 
The reaction is also successful with simple ketones, esters, and the 
like; with chloroform, acetylene, 2,4-^nitrotoluene, quinaldine, 
and other a- and 7-alkyl pyridines and quinolines; and with 


Miller and Kilpatrick, J, Am. Ckem. Soc.j 53, 3217 (1931. West- 
HEiMER and Cohen, ibid. 60, 90 (1938). 

WESTHEiiiiER, paper presented at the Conference on Kinetics of the 
New York Academy of Sciences, April, 1939. 
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Q:,i 3 -uiisaturated aldehydes in. which the 7-hydrogen is the acidic 
one. In most of these cases, independent evidence for the 
acidity of the proton involved is available from deuterium 
exchange or racemization (page 243 ). 

In general it is to be expected that the minimum base strength 
required in the condensing agent should vary inversely with the 
inertia of the other reactants. Sodium carbonate, sodium 
acetate, or an amine is a suflaiciently strong base in most cases, 
but it is probable that stronger bases, such as sodium ethylate, 
sodium amide, or sodium triphenylmethide will be required if a 
relatively weak acid or a sluggishly reacting carbonyl component 
is to be brought into reaction (0/. page 361 ). 

The Perkin reaction involves the interaction of an aldehyde, 
an acid anhydride, and the sodium salt of the acid corresponding 
to the anhydride, and there has been considerable controversy 
as to whether the sodium salt or the anhydride reacts with the 
aldehyde. The same product, a mixture of C6H5CH=CHCOOH 
and C6H5CH=C(C2H6)C00H the composition of which varies 
with the temperature, is obtained from the reaction of benzalde- 
hyde with butyric anhydride and sodium acetate and from that 
with acetic anhydride and sodium butyrate. Evidently, an 
equilibrium is set up between the two anhydrides and the two 
salts, and such experiments yield no information on the problem 
in question. It is, however, quite improbable^^-^s that the loss 
of a proton from the negative ion of which the salt is composed 
should be as rapid or as extensive as it is from the electrically 
neutral anhydride. The conclusion that the anhydride reacts is 
strongly confirmed by the fact^^ that alkali carbonates, sulfites, 
and phosphates, or quinoline, pyridine, or triethylamine may be 
substituted for the alkali acetate. The function of the latter can, 
therefore, be no other than that of the B in equation (XXII). 

There is little quantitative kinetic evidence on reactions of 
this type. The reaction of formaldehyde with malonic ester^®® 
yields primarily H0CH2CH(C02C2H5)2, but this condenses fur- 

22 Bebslow and Hausbb, /. Am. Chem. Soc., 61, 786 (1939). 

22 Akniw? and Eistbbt, Ber.^ 69, 2386 (1936). 

2 * Kaxnin, Hdv. Chim. Acta, 11, 977 (1928). 

2 ^ (a) Welch, J. Chem. Soc., 653 (1931). (5) Enkvist, J. prakt. Chem. 

[II], U9, 65 (1937). 
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ther at a comparable rate, and the kinetics are complicated. The 
initial rates of reaction in phosphate buffers of pH from 4.9 to 
7.1 satisfy the equation 

V = fc[CH20][ester][0Hi (27) 

Small amounts of ammonia or of triethylamine have no effect at 
a"‘pH of 4.9 provided that enough acid is added to maintain an 
unchanged acidity, but piperidine in 0.001m concentration 
increases the rate sixfold under the same conditions. Methyl- 
amine produces a large acceleration, the transient nature of which 
may be due to the formation of unreactive CH 3 N=CH 2 . The 
failure of ammonia to accelerate the reaction may be due to an 
even more rapid formation of hexamethylentetramine. 

Similar results are obtained in the reaction of formaldehyde 
with cyanacetamide.2^^ Ammonia, pyridine, and formate ion 
have no catalytic effect at constant pH; piperidine has a large 
one, the magnitude of which is greater, the higher the pH. This 
suggests that the base piperidine, not its conjugate acid, is the 
catalyst. 

These results demonstrate the existence of a long suspected, 
but not previously proved, specific catalytic effect of secondary 
amines. The catalysis appears to be effective only in the presence 
of acids, since the addition of a small amount of piperidine to 
pure (i.e., acid-free) aldehyde leads to no reaction unless a small 
amount of acid is also added. Ordinary aldehydes contain 
enough acid impurity to permit the reaction. This effect must 
not be taken to require either that piperidinium ion be the actual 
catalyst or that the action of the piperidine and the acid be 
simultaneous (page 347). 

Acid-catalyzed Aldol Condensations. — ^Aldolization is also 
catalyzed by acids. Since the conversion of an alcohol to an 
olefin is itself catalyzed by acids but not by bases, the acid- 
catalyzed aldol reaction frequently yields an unsaturated com- 
pound instead of an alcohol. Thus the action of bases on acetone 
yields diacetone alcohol, and that of acids leads to the corre- 
sponding olefin mesityl oxide, (CH8)2C=CHCOCH3, and to the 
more highly condensed phorone. The acid- and the base- 

“ Kxjhn’, BadstUbnbb, and Gbundmann, Ber ,, 69B, 98 (1936). 
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catalyzed condensations may also involve different parts of the 
molecule; thus benzaldehyde condenses with methyl ethyl 
ketone to yield C 6 H 5 CH=CHCOC 2 H 5 in alkaline solution but 
C6H5CH=C(CH3)C0CH3 in acid.^^ Citral, on the other hand, 
condenses with the methyl group in methyl ethyl ketone under 
either condition.^s 

An important condensation of this type is the one used in 
the malachite green synthesis in which the first step is no doubt 

CeHfiCHO + CeHsNCCHala CHOH - C6H4N(CH3)2 (XXVI II) 

and is followed by the condensation of the very reactive benzhy- 
drol derivative (page 309) with another molecule of amine. The 
usual catalyst for this reaction is concentrated aqueous HGl, but 
the dimethylaniline must be present in amount more than equiva- 
lent to the acid, presumably because its conjugate acid is 
unreactive. 

The mechanism of the acid-catalyzed condensation must 
involve the addition of a proton to the carbonyl component of the 
reaction, just as the base-catalyzed reaction involves the removal 
of a proton from the acidic component; one reaction depends upon 
a push where the other depends upon a pull. The reaction of the 
strongly electrophilic ion (K) with dimethylaniline is of the 

[ ■ ■ T 

LCcHs- C - o - C-0 - H. 

{K) 

same type as the attack of electrophilic reagent on aromatic 
compound involved in the Friedel-Crafts reaction and in other 
reactions of aromatic compounds. The reaction with acetone 
and the like probably is a similar reaction of {K) with the enolic 
form of acetone, the formation of which is rapid in acid inedia. 

The Benzoin Condensation. — ^Formally, this is an aldol-type 
condensation in which the acidic hydrogen is the one attached to 
the carbonyl carbon 

aCeHfiCHO CeHfi - CHOH - CO - CeH* (XXIX) 

^ Haeiubs and MtJnnEE, Ber., 35, 966 (1902). 

28 Papa, Thesis, Columbia, 1937. 
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Cyanide ion is a powerful specific catalyst, apparently an indis- 
pensable one; consequently, the analogy to the aldol reaction is 
superficial. The rate law is^® 

- fc[C6H5CHO]2[CNi (28) 

The value of k in 60 per cent by volume ethanol at 60° is 0,0015 
and increases moderately with increasing water content (40 per 
cent in the range from 83 to 39 per cent ethanol). Neither 
sodium hydroxide nor the weakly ionized hydrocyanic acid and 
mercuric cyanide have any appreciable effect on the rate, and the 
specific rate has the same value in sodium, potassium, and 
barium cyanide solutions. The mechanism is no doubt^° 


H 

CeHfi-C^O* 4 -[tCsN«]-; 


H 

I 

CsHfi-C- CsN* 
tO« 


H 

CeHfi-C-CsN' 

I 

• 0 « 


rC,H5-C-CsN'1- 

L -O-H J 


« N 3 c «0« 

1 1 

CfiHs- C c- CflHfi 

H- O* H 


TCeHs- C- Cs NH" 

L .i-H J 


(XXX) 


(XXXI) 


(XXX! I) 


C«H5- C- C- CeHfi 4- [« C 3 N (XXXIII) 

n I 

«0 H 


H 

" 'NSC « 0 » 

*" -j- ‘ 0 ® C " C 0 H 5 — > 

CflHs- C C“ CeHs 


H-0« H 

- 1 - .5 

- H 


Reaction (XXX) is mobile and reversible under the conditions 
prevailing, and the function of the cyanide is clearly to facilitate 
the protropic reaction (XXXI) by virtue of the loosening effect 
that a cyanide group has upon a-hydrogen (as in cyanacetic 
ester and cyanacetamide). The kinetics require that reaction 
(XXXII) or (XXXIII) be rate determining, that acetone 
cyanhydrine be at least as strong an acid HCN, and that the 


29 Beedig and Steen, Z. Elehtrochem,^ 10, 582 (1904). 
®°Lapwobth, j, Chem, Soc,y 83, 995 (1903). 
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concentrations of all the intermediates be small. The first 
condition is implied by the second-order dependence on aldehyde 
concentration, and the second by the absence of any accelera- 
tion by sodium hydroxide. The cyanhydrine must be so com- 
pletely converted to its conjugate base by cyanide ion that an 
increase in alkalinity does not appreciably increase the extent of 
the reaction. The third condition is reasonable in spite of the 
fact that the proportion of cyanhydrine in equilibrium with 
acetone and HCN is large at room temperatures; for the equilib- 
rium constant for cyanhydrine formation decreases rapidly with 
increasing temperature. 

An electron-repelling substituent such as (CH3)2N must 
decrease the acidity of the aldehyde or cyanhydrine hydrogen, 
increase the nucleophilic reactivity of the ion, and decrease the 
electrophilic reactivity of the aldehyde molecule which acts as 
carbonyl component in reaction (XXXII). In benzaldehyde 
itself, the balance of these effects is favorable; it is not so favor- 
able either in p-methoxy or p-chlor benzaldehyde, and p-di- 
methylaminobenzaldehyde yields no benzoin. But a mixture of 
benzaldehyde and its dimethylamino derivative reacts readily to 
yield the mixed benzoin CeHs — CO — CHOH — C6H4N(CH8)2.®^ 

The Cannizaro and Related Reactions. — ^The Cannizaro reac- 
tion of furfural 

2RCHO + OH- RCH 2 OH + RCOO- (XXXIV) 

in homogeneous aqueous or aqueous-alcoholic solution is of the 
fourth order^2 


t; = fc[RCHO]2[OHi2 (29) 

In spite of careful search no signs of retardation by antioxidants 
or of acceleration by oxidizing agents have been detected. The 
Cannizaro reaction of benzaldehyde®®^ in aqueous-alcoholic solu- 
tion may also be interpreted, although with less certainty, as 

Staudingek, Rer., 46, 3535 (1913). 

3 * Gbib, Z. physik, Ch&i^., A169, 41 (1934). 

(a) PoMBEANz, Monats.f 21, 389 (1900). (5) Ettleb and LSvgebn, 
Z. anorg. aUgem. Chem., 147, 123 (1925). 
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indicating a fourth-order reaction, as may that of formaldehyde, 
provided that the pronounced acidity of that substance is taken 
into account. The reaction of benzaldehyde, formaldehyde, or 
glyoxal in deuterium water does not result in an alcohol containing 
deuterium attached to carbon;®^ consequently, the process 
involves the transfer of a hydrogen atom from one aldehyde 
molecule to another without interchange with the solvent. These 
phenomena are consistent with the following mechanism: 


H 

R-C 4-20H-;=± 
❖ 

0« 


H 

I 

R- C- O* 

I 

«0« 


H20 


(XXXV) 


1 

•0 

1 

I-O 

1 

DC 

-j- * 0 ® C R — 

lO 

II 

0 

1 

DC 

+ 

H ” 

>6- c- R 

1 

iQi 

H ■ 

• 1 

H 

H 

1 

* 0 * 


“ 1 

H 




(XXXVl) 


R- C- 0‘ 


•f H2O --»R- c- O- H + OH- 

I “ 


(XXXVII) 


H 


H 


The high concentration of negative charge in the ion produced by 
reaction (XXXV) is responsible for the transfer of a hydride ion 
to another aldehyde molecule in reaction (XXXVI). 

The internal Cannizaro reaction of glyoxal involves the typical 
one-atom shift of a hydride ion, which appears in so many 
rearrangements; in fact, it is a benzilic acid rearrangement with 
hydrogen instead of phenyl shifting 


r H H ' 

- 

r H O' 1 

- 

r H O' 1 

1 I 


» 


1 II 

|0“C- c- 0> 

" 1 


'0- C- C 


H-O-C-C-O' 

“ 1 

lO 

I 

I 


H 0“ 


H 


(XXXVl U) 


The rate of the Cannizaro reaction is increased by electron- 
attracting substituents, the relative values in aqueous solution 

Fredenka-GEN and BoNnOEPFER, Z. physik. Chem,j AlSl, 379 (1938). 
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being as follows:®* p-methoxybenzaldehyde, 0.140; p-methyl- 
benzaldehyde, 0.065; benzaldehyde, 1; p-chlorbenzaldehyde, 9.4. 

Under anhydrous conditions, as when benzaldehyde is treated 
with sodium benzylate, the reaction product is an ester. A 
probable mechanism is 


O' 

r ^ ' 

- 

r 'O* H ■ 


. 1 


1 _ 1 

c + 

«0- C- R 


R- C- 0- C- R 


1 


1 *" 1 

H 

H 


H H _ 


(XXXIX) 


■ lO* H ' 

- H <0 H 

f HI 

r ^ 1 
1 

R-C-O-C-R 

+ iO»C-R-»R-C-0-C-R + 

*0- C- R 
" 1 

H H J 

H 

H . 

f\/’t 


(XL) 


Benzyl benzoate is so resistant to hydrolysis that it is improbable 
that the reaction in aqueous solution follows this or any other 
course that involves the formation and hydrolysis of this ester. 

The same conversion of aldehyde to ester may be produced by 
the electrophilic reagent aluminum alcoholate.*® In this case 
the effect of the catalyst must be upon the reactant molecule that 
receives the hydride ion, just as it is on the donor molecule 
in the case of basic catalysts, the active intermediate being (L) 

H 

R-C 

'o- AI(OR0« 

\l) 


The electrophilic aluminum atom makes the carbonyl carbon so 
positive that it can abstract a hydride ion from another aldehyde 
molecule or even from an alcohol molecule as in the reduction 
of aldehyde by i-propyl alcohol®’' 

“ Moi/r, Rec, trav. ckim.j 66, 233 (1937). 

Tischtschbnko, Chem. Z&rUr.f 77, II, 1309; 1662 (1906). 

^ The literature of this important reaction, which was discovered nearly 
simultaneously by several investigators, is reviewed by Lund, Ber,, 70, 
1620 (1937). 
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H 


H 


R-C 4’H-0-C-CH3; 

6-AI(0R')a CHa 


H 

R - C“ O - AI(0R')3 
H 

CH 

✓ 

H“ 0- C 

' CHaj 


4- 


(XLI) 


Electrophilic reagents like ZnCU, AICI3, and HgCl2 are active 
promoters for the action of aluminum ethylate on aldehydes.®* 

The Hydrolysis of Hydrocyanic Acid and of Nitriles. — The 
hydrolysis of hydrocyanic acid®® by hydrochloric acid is rigidly 
first order in HCN over the range from 0.8 to 2.5m concentration. 
The specific rate varies approximately as the activity of molecular 
HCl or as the product of the activities of oxonium and chloride 
ions. This leads to a rapid change in rate, which at 65® increases 
from 8.1 X lO^* in 0.302m HCl to 3.50 X 10”^ in 5.52m acid. 
At low concentrations all strong acids are about equally effective 
catalysts; at high concentrations they differ widely, HBr giving 
a rate one-tenth that of HCl, and H 2 SO 4 , with a specific rate of 
5.4 X 10“® at 6.49m concentration, being a very poor catalyst. 
The reaction at high acidities evidently depends upon the reaction 
of the anion of the acid as well as of a proton, presumably by 
way of HC(C1)=NH or a similar intermediate. At lower acidi- 
ties a reaction with oxonium ion predominates, for the catalytic 
effects of the different acids are the same. Formamide is a 
probable intermediate; as its own specific rate of hydrolysis in 
2m HCl is 14,000 times faster than that of hydrocyanic acid, it 
cannot be detected. 

The hydrolysis of a variety of nitriles^ shows a similar depend- 
ence upon the nature and concentration of the catalyzing acid. 
Amides are not isolable for the same reason as in the case of 
hydrocyanic acid. Specific rates times 10’' at 65® in 4m HCl are 
as foUows: HCN, 710; CH3CN, 6.8; C2H5CN, 10.0; HOOCCH2- 
CN, 3.3; CH3CHOHCN, 78; CH2OHCH2CN, 5.3. The relative 


^ Child and Adkins, /. Am, Chem, Soc,, 46, 3013 (1923). 

Kbibble and McNally, /. Am, Chem, Soc^, 61, 3368 (1929), Kbieblb 
and Peikke, ibid,j 66, 2326 (1933). 

*0 Kbijeble and Noll, J. Am, Chem, Soc,j 61, 660 (1939). 



354 


PHYSICAL ORGANIC CHEMISTRY 


ineffectiveness of sulfuric acid in these reactions can be utilized 
for preparative purposes. Thus strong aqueous hydrochloric 
acid acts on amygdalin chiefl}' to hydrolyze the nitrile group, 
whereas sulfuric acid yields glucose and mandelonitrile. 

The Aldchloiimine Reaction.*^^ — The reaction is a second-order 

R-CH=N-CI + B-^R-C5N +BH+-hCl- (XLll) 

one between imine and base. For a series of amines the rate 
parallels the base strength of the amine. When R is a substituted 
phenyl, the usual linear free-energy relationship applies (page 190) 
with meta and para derivatives, and ortho derivatives show a 
specific retardation. The probable mechanism^^^ is 

R - CH = N - Cl • + B :;=i [R - C = N - Cl •]- + BH+ (XLI 11) 

[R-C=N-Cl'r-^R-C5Ni -f-Cl- (XLIV) 

It is not known whether the catalysis is of the general base or of 
the specific hydroxyl-ion type. 

Ester Reactions : Alkaline Hydrolysis. — The alkaline hydrol- 
ysis of an ester is a second-order reaction between ester and 
hydroxyl ion. With carboxylic esters the rupture of the ester 
molecule occurs on the acid rather than on the alcohol side of 
the ether linkage. This is conclusively demonstrated in the 
case of amyl acetate by experiments on the hydrolysis in water 
containing more than the normal proportion of the oxygen isotope 
of mass 18, whereas the ester contains oxygen of normal isotopic 
composition,^^ gy ^Tabeling” the oxygen of the ester and 
of the water, it is possible to prove that the oxygen in the amyl 
alcohol formed by the hydrolysis comes from the ester, not from 
the water. 

The generality of this conclusion is indicated by a variety of 
evidence. The esterification, followed by the alkaline hydrolysis, 
of a carboxylic ester has never led to an inversion of configuration 
of the carbinol carbon, as it should if the linkage of oxygen to 

(a) Hauser and Moore, J. Am. Chem, Soc.j 66, 4526 (1933). (6) 

Hauser, LeMaistre, and Rainspord, ibid., 67, 1056 (1935). 

42 PoLANYi and SzABO, Tram. Faraday Soc., SO, 508 (1934). 

48HOLMBBBG, Her., 46, 2997 (1912). Fischer, Ann., 394, 360 (1912). 
HtJcKEL and Frank, ibid., 477, 137 (1930). Verkadb, ibid., 477, 287; 297 
(1930). 
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this carbon were involved, and as it does in the case of the sul- 
fonic esters (page 160). Esters of Q:,/3-unsaturated alcohols do 
not rearrange under conditions of alkaline hydrolysis/^ as would 
be expected were the hydrolysis a reaction of the carbonium-ion 
type. Finally, the effect of the structure of the acyl group 
on the rate of hydrolysis closely parallels that in the reaction 

RCOOCHg + NHa RCONH 2 + CH 3 OH (XLV) 

but shows no relation to that in the reaction 

RCOOCHs + NCCHa)^ -> RCOO- + N(CH8)4+ (XLVI) 

Esters of sulfuric acid and of the sulfonic acids, on the other 
hand, react by way of a rupture of the alkyl-oxygen linkage.*^® 
These are effective alkylating agents, z.e., they alkylate ammonia 
or amines by a reaction analogous to (XLVI), whereas carboxylic 
esters acylate them by reaction (XLV), and their hydrolysis 
inverts the configuration of the alkyl group (page 160). Even 
with carboxylic esters the reaction in alkaline solution may be a 
water reaction rather than one mth hydroxyl ion, and the water 
reaction in some cases at least ruptures the alkyl-oxygen linkage 
and inverts the configuration of the alcohol (page 177). 

A satisfactory mechanism for the hydrolysis of carboxylic 
esters involves the addition of hydroxyl ion to the carbonyl 
carbon, followed or accompanied by the release of the alkyloxy 
group 

O' 

❖ 

R-C +['0"Hr;=± 

O- R' 

+ ['6“R'r (XLVI I) 


*0- H 
' - 

R- C- O' 

I 

'O - R' 


;R- C 


O' 


O- H 


The attachment of the hydroxyl ion must, of course, weaken the 
linkage of the alkyloxy ion. 

Ingold and Ingold, J. Chem. Soc.y 766 (1932). ‘ 

« (a) Hammett and Pfltjgbe, J. Am. Chem, 80c., 66, 4079 (1933). (b) 

Betts and Hammett, ibid., 69 , 1668 (1937). 

^8 Fbens and Lapwobth, /. Chem. Soc., 101, 273 (1912). 
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There is evidence for a catalysis of the hydrolysis by acetate 
ion.**^ This cannot, however, be a truly general base catalysis 
since the rate of hydrolysis in ammonia-ammonium ion buffers is 
determined by the hydroxyl-ion concentration of the solution.'*^ 
If acetate ion plays the part of the hydroxyl ion in reaction 
(XLVII), the acid anhydride formed would probably be rapidly 
hydrolyzed. 

The alkaline hydrolysis is effectively irreversible, not because 
the linkage of carbon to hydroxyl ion is firmer than that to 
alkyloxy ion, but because the RCOOH produced in reaction 
(XLVII) is immediately converted by the alkali to RCOO~. 
This is not true in the otherwise analogous conversion of the ester 
of one alcohol to that of another, e,g., 

CHsCOOCsHfi -h C2H5O-* ;;=i CHaCOOCaHs + CbHbO- (XLVI 1 1) 

These Umesterung reactions may generally be driven well toward 
completion in either direction by the action of an excess of the 
one or the other alcohol. They are catalyzed by acids and by 
bases, and their rates show a dependence on the structure of the 
acyl group similar to that of the hydrolysis.^^ 

Acid-catalyzed Esterification and Hydrolysis. — The acid- 
catalyzed reaction is reversible and may be made effectively 
complete in either direction by excess of water or of alcohol. 
The equilibrium constant is nearly the same for all esters (page 
213). Like the alkaline hydrolysis the esterification leaves the 
alkyl-oxygen linkage untouched. Thus®° the reaction of benzoic 
acid containing oxygen of normal isotopic composition with 
methyl alcohol containing a larger proportion of 0^® goes as 
follows: 


016 0 ^® 

❖ ❖ 

CeHsC +GHs-Oi8-H-^C6H6C +H2O18 (XLIX) 

^ \ 

0^8- CHs 

Dawson and Lowson, J. Chem. ^oc., 2444 (1927). 

^ Abrhenius, Z, physik, Chem,j 2, 289 (1888). 

Jones and Lapwobth, Proc. Chem. Soc,, 30, 141 (1914). Townshend, 
C. A., 24, 2119 (1930). 

®®Robbets and U3 eibt, /. Am. Chem. Soc.j 60, 2391 (1938); 61, 2584 
(1939). 
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The catalysis has been shown to be of the general acid type 
in the esterification of acetic acid.*^^*^^ The so-called uncatalyzed 
esterification of acetic acid, viz., the esterification in the absence 
of a deliberately added catalyst, is consequently a complicated 
process in which the acetic acid as well as the lyonium ion pro- 
duced by its reaction with the solvent accelerates the reaction. 
The rate in methyl alcohol is given by®^® 

V - {fco[HAc][CH 30 H 2 +] + fci[HAc? + k^] (30) 


The first term represents catalysis by the lyonium ion, the second 
catalysis by molecular acetic acid, and the third catalysis by 
some substance, perhaps the lyate ion CHsO”, the concentration 
of which varies inversely with that of acetic acid. 

The mechanism of the acid-catalyzed esterification and hydrol- 
ygigBo ,62 probably involves the addition of alcohol or of water to 
the carbonyl double bond with the monoester of the ortho acid 
as an intermediate 


O' 

R-c" +HA 
' 6- H 


O- H 

R-C^ 

O-H 

'5- H R 
> - ' 
R- C- O 

• O- H H 


9" 

R-C +A- (L) 

O- H 

'6-H R]"^ 

+ ROH^ R-C- 6 (U) 

'0-H H 
+ '6- H 

+ A-:;:±R- C- 5- R + HA (LII) 

lO- H 


The ester is then formed by a series of reactions analogous to 
the reversal of this process but with HOH instead of KOH 
splitting off. The process is closely related to the semicarbazone 
reaction (page 333) and resembles it in showing general acid 

(a) GoLDSCHMmT, Ber,, 29, 2208 (1896); Z. Elektrochem.f 16, 4 (1909). 
(5) Dawson, Ptcock, and Spivbt, J. Chem, /Sfoc., 291 (1933). (c) Rolfb 

and Hinshewoop, Trans, Faraday Soc,, 30, 936 (1934). 

Datta, Day, and Ingopp, J. Chem, Soc,, 838 (1939). Hughes, Ingolp, 
and Mastbeman, tbid,, 840 (1939). 
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catalysis and a pronounced retardation by ortho or alpha sub- 
stituents. The pronounced steric hindrance excludes the 
mechanism 


6 * 

R-c" -fHA^[R-C=6*]+4-H20+A- (LIN) 

5 - H 

6 « 

❖ 

[R- 0*0']+ + ROH + A-^=±R- C -h HA (UV) 

V 

6- R 


because this kind of reaction is facilitated rather than hindered 
by ortho methyl groups. Reaction (LIU) does occur in con- 
centrated sulfuric acid with 2,4,6-trimethylbenzoic acid but not 
with benzoic (page 55), and the same acyl ion is rapidly formed 
from the methyl ester of the trimethyl benzoic acid in sulfuric 
acid, although methyl benzoate is only slowly acted on by the 
same reagent. 

As in the enolization of acetophenone, and probably for the 
same reason, the rate of the acid-catalyzed esterification and 
hydrolysis does not parallel the base strength of acid or ester. 
Thus phenylacetic acid is a slightly weaker base than benzoic 
acid;®^ its rate of esterification is some 200 times greater. Con- 
sequently, reaction (L) cannot be rate determining. 

The Water Reaction in Ester Hydrolysis. — With most car- 
boxylic esters the reaction with water is of subordinate impor- 
tance compared with the reaction with hydroxyl ion and with 
oxojaium ion. In the case of the stronger acids, carboxylic or 
not, the water reaction is, however, of considerable importance, 
and the acid-catalyzed reaction becomes negligible.®® This is 
true of trichloracetic, oxalic, picric, nitric, phosphoric, sulfuric, 
and arylsulfuric esters. The hydrolysis of lactones also shows 

Tkeffers and Hammett, J, Am, Chem. Soc,, 69, 1708 (1937). 

Flbxser, Hammett, and Dingwall, J. Am, Chem, Soc., 67, 2103 (1935) . 

Wbgscheidbb, Z. phyeik. Chem.f 41, 62 (1902). PeXtoriits, Monatsh., 
26, 1 (1905). Olivteb and Berger, Rec. trm, chim., 41, 637 (1922); 46, 
861 (1927). Dbm:6ny, ibid.j 60, 60 (1931). Cavalieb, Ann. chim. [7], 18, 
449 (1899). 
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a relatively large water reaction, which appears to invert the 
configuration of the carbinol carbon and to involve an alkyl- 
oxygen rupture rather than the acyl-oxygen rupture of the acid 
and alkaline hydrolysis (page 177). A similar situation is 
indicated^ by the fact that the acid phthalate ester of the alcohol 
CeHs — CH=CH — CHOH — CH 3 is hydrolyzed without racemiza- 
tion by sodium hydroxide but is extensively racemized when weak 
bases like sodium carbonate are used. 

The Reaction of Esters with Ammonia. — ^The reaction of 
methyl phenylacetate with ammonia in methanol solution^^ 

O O 

❖ ❖ 

R-C +NH3-^R-C -I-CH3OH (LV) 

\ \ 

OCH3 NH2 

is retarded by ammonium salts and accelerated by sodium 
methylate. There are apparently two competing reactions, 
one of ester with ammonia, the other of ester with amide ion. 
The kinetics satisfy the equations 

v = fti[RC02CH3][NH3] + fc2[RC02CH8][NH2-] (31) 

t; = fci[RC02CH3][NH3] + fc2[RC02CH3][NH8][CH80i (32) 

The effect of substituents in the phenyl group is correlated by a 
linear free-energy relationship with that in the alkaline hydrolysis 
of the same esters. The effect of the structure of the alkyl group 
on the amide reaction is also similar to that in the hydrolysis, 
the rates of amide formation from normal, secondary, and 
tertiary butyl acetates in 40 per cent ethanol being as 24:6:1. 

In liquid ammonia the reaction of ethyl benzoate and of other 
esters is accelerated by ammonium salts, the effect of different 
ammonium salts being relatively the same as in other reactions 
in this solvent.®^ In this medium there is, therefore, an acid 
catalysis (by ammonium ion) in contrast to the bsise catalysis 
in methanol. 

Reactions of Esters with Carbanions: Grignard Addition: 
Claisen Condensation. — The reaction of the Grignard reagent 

Kenton, Partridge, and Phillips, J. Chem. Soc.j 85 (1936). 

French, Johnson, and Ratbkin, /. Am, Chem, Soc.j 68, 1346 (1936). 

^ Fellinger and Audrieth, J. Am, Chem, Soc., 60, 579 (1938). Axjd- 
RiETH and Kleinbero, J, Org, Chem., 3, 312 (1938). 
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with an ester involves the addition of the carbardon of the 
reagent to the ester carbonyl 


6* 

R-c" +R"-Mg+ 

6- R' 


R" 
R" C- 



• O- R' 


+ Mg++ 


(LVI) 


Loss of the ion OR'“ forms the ketone R'COR", which may then 
react further to form the conjugate base of the tertiary alcohol 
R'R^'COH. In agreement with the close similarity in mecha- 
nism the effect of the structure of the ester in this reaction 
closely parallels that observed in the alkaline ester hydrolysis 
(page 212). 

In the Claisen condensation, ethyl acetate is converted to 
ethyl acetoacetate by sodium alcoholate (or by the action of 
sodium on ester containing traces of alcohol). It obviously 
depends on the addition of the carbanion formed by the action 
of the base on one molecule of the ester to the carbonyl group 
of another ester molecule and is, therefore, closely related to 
aldol condensation and Perkin synthesis 


O 

❖ 

CHgC + OCaHs*" 



(LVIl) 


CHsC 


OC2H5 

6 * 


O " CzHs 


OC2H5 



0* 

- 

»6* 6* 1 


❖ 


I 

+ 

CHsC 


0 

X 

«• 

1 

- 0 

1 

0 
X 

1 

0 

f 


OC2H6 


•O-CjHfi O-CaHfiJ 


(LVI II) 


0* O* 

II ❖ 

^ CHs - C - CHa - C + C2H5O- (LIX) 


O-CaHfi 


The value of this mechanism is demonstrated by its success in 
predicting the means necessary to make the reaction occur with 
ethyl isobutyrate, which does not condense under the action of 
sodium alcoholate. Reactions of the type of (LVII) are 

Hausbb and Bentbow, J, Am. Chem. Soc.j 69, 1823 (1937). Eeotbow 
and Hausbb, ibid., 60, 463 (1938). 
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strongly retarded by substitution of alkyl for hydrogen on the 
carbon that carries the acidic proton, but the resultant sluggish- 
ness of the isobutyrate may be counteracted by the use of a 
stronger base. With sodium triphenylmethide the condensation 
goes easily and rapidly and the yield is 36 per cent. With the 
same condensing agent a mixture of ethyl isobutyrate and ethyl 
benzoate yields ethyl benzoyldimethylacetate if the reaction 
mixture is worked up within half an hour, but ethyl isobutyryliso- 
butyrate if it is allowed to stand for several days. This is 
another example of the fact that the most rapidly formed product 
is not necessarily the most stable one; further it demonstrates 
the reversibility of the condensation. 

Another powerful base that induces the condensation of ethyl 
isobutyrate is 2,4,6-trimethylphenyl magnesium bromide.®^ Like 
all Grignard reagents this is a very strong base; unlike most, it 
does not add to the ester carbonyl by equation (LVI), and it 
may, therefore, act as a base. 

Direct evidence of the reversibility of the Claisen condensation 
is easily obtained in alcoholic solution at 60° with either acids 
or sodium ethylate as catalyst.®^ 

Decomposition of Acetacetic Ester and Related Substances. — 
The ^'acid decomposition^’ favored by strong aqueous alkali 
amounts to the reversal of the Claisen condensation stabilized by 
the conversion of ester to unreactive acetate ion. 

The ^^ketonic decomposition” is probably preceded by the 
hydrolysis of the ester, and the decomposition of acetacetic 
acid and its derivatives and related substances has been investi- 
gated in detail. The kinetics of the decomposition of acetacetic 
acid itself®^ indicate the presence of two parallel reactions, one 
of molecular acetacetic acid, the other of acetoacetate ion, with 
the first fifty times faster than the second. 

a,a-Dimethylacetacetic acid®* decomposes 4.2 times faster 
than the unsubstituted acid, the specific rate at 24.97° being 
6.96. X 10”®. Dimethylacetoacetate ion decomposes at the same 
temperature with a specific rate of 1.5 X 10"®. The rate in 

Speelman and Schmidt, J. Am. Chem. Soc., 69, 2009 (1937), 

Beckmann and Adkins, J. Am. Chem. Soc.^ 66, 1119 (1934). 

WiDMAHK, C. A., 16, 2763 (1921). 

** Pbdeesbn, j. Am. Chem. Soc., 61, 2098 (1929); ihid.j 68, 240 (1936). 
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glycollate buffers is quantitatively that predicted from these 
figures and the known ionization constant of dimethylacetacetic 
acid; hence, there is no general acid or base' catalysis. The 
reaction is exclusively of the ketonic type and yields methyl-z- 
propyl ketone and carbon dioxide. When the reaction is run in the 
presence of bromine or iodine, its rate is unchanged, but the sole 
product is a brominated ketone although methyl-^-propyl ketone 
is not brominated under the prevailing conditions. These 
phenomena are consistent with the assumption®® that the actual 
reactant is a dipolar ion the concentration of which is propor- 
tional to that of the molecular acid 


O' O' 

• 6 - H 

0 

1 

0 = 

1 

0 

0 

1 

f 

0 

<5 

;=±CH 3 -C- C(CH 3 ): 


N 

0“ H 


O' 

11 „ 

c- 0« 


«0- H 


CHa" C * C(CH8)2 "H COg 


(LX) 


In the presence of halogen the enol, which is the immediate 
reaction product, is instantaneously halogenated. The decom- 
position of the acetoacetate ion presumably leads to the con- 
jugate base of the ketone 


O' 

.GHs-C- 


C(CH 


■'-T f 

,) 2 -C- 0 »J -j-LCHs' 


O' 

*[ 

'C-C(CHs)2j 


+ CO 2 (LXI) 


These decompositions show a pronounced catalysis by primary 
amines®^ which is not a general base catalysis since other amines 
are ineffective. The reaction of the dimethylacetacetic acid in 
aniline or o-chloraniline buffers satisfies the following equation: 

- fto[HA] + HA-] + fc 2 [B][HA] + fe[B]nHA] + /c4[BH+][HA] 

(33) 

in which HA is the acetacetic acid, A- its anion, and B the amine. 
At 24.97® the constants are as follows: 

WinMARK and Jbppsson, C. A., 16, 1962 (1922). Pedbbsen, J. Am, 
Chem, Soc,y 60, 696 (1938). 
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Catalyst 

ko 

ki 

kz 

h 

ki 

Aniline 

6.96 X 10-5 

1.5 X 10-8 

1 

0.0184 

0.0164 

0 

o-Chloraniline. . 

6.96 X 10-5 

1.5 X 10-8 

0.00124 

0 

1.21 X 10-4 


The term involving ^2 has been attributed®® to the reaction of a 
dipolar ion of the structure (ikf) 

0 » 

c(Ch«)2- c - 5» 

CHa- C 

❖ 

N - CfiHs 

t 

H 

(M) 

Because of the greater basicity of nitrogen, the concentration of 
this substance may well be larger than that of the dipolar ion 
intermediate in reaction (LX). 

Dibrommalonic acid decomposes at a rate proportional to the 
concentration of the ion HOOC — CBr 2 — 000“, the specific rate 
being 1.88 X 10"'* at 25°.®® The rate of carbon dioxide produc- 
tion is not affected by the presence of bromine, but the product 
becomes largely tribromacetic acid, together with an amount of 
dibromacetic acid that varies inversely with the bromine con- 
centration. These results are accounted for qualitatively if 
the HOOC— CBr 2 — COO" loses CO 2 to form [HOOC— CBrg]" 
in a rate-determining step. The proportion of dibromacetic acid 
in the product then depends upon competition between two 
reactions of this ion, one with acid, the other with bromine. 

The analogous decompositions of a-nitroacetic acid and of 
a-nitroisobutyric acid®® have rates that are proportional to the 
concentration of the ion [O 2 N — CR 2 — CO 2 ]" and are nearly the 
same for the two substances (k = 0.000982 for nitroacetate ion 
and 0.001716 for nitroisobutyrate ion at 17.84°). The presence 
of bromine leaves the rate unaltered within 3 per cent, but the 
product is exclusively the bromnitromethane derivative although 

« Mtnis, /. Phys, Chem., 39, 343 (1936); 40, 121 (1936). 

Pbdbesbit, J. Phys. Chem,, 38, 559 (1934). 
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nitro-i-propane is not brominated under the prevailing condi- 
tions. The reaction intermediate is again formed by loss of 
carbon dioxide and is [O2N — CR2]“". 

A number of other carboxylate ions carrying strongly electron- 
attracting groups lose carbon dioxide in similar first-order reac- 
tions.®^ This is known to be the case with trichloracetate ion, 
with tribromacetate ion, with CsHs — C^C CO 2"”, and with 
HOOC— CH2— COO-. In all except the last case the neutral 
acid does not react, but malonic acid reacts about five times as 
fast as its singly charged ion, and the doubly charged ion shows 
no detectable reaction. 

All these reactions that produce carbon dioxide reverse the 
process by which the carbanion of the Grignard reagent adds to 
carbon dioxide. They are closely related to the iodoform 
reaction 


o o 

❖ ❖ 

CH3“C + OH"" CHgC + [Ch]" (LXII) 

'ci, 'oh 

■which is a displacement of carbanion by hydroxyl instead of a 
spontaneous separation, and to the interesting reaction 

CljCsHjCHO + OH- -» CI2C8H4 + HCOr (LXI 1 1 ) 

which 2 , 6 -diehlorbenzaldehyde undergoes in lieu of the Cannizaro 
when it is treated -with strong alkali.*® A similar fission 


O CH - CH 

❖ ❖ 


O 


C.H,C-CHj-N CH 

CH » CH 

CHaNC,Hs + HA 


-}- OH“ — > CeHfiC 4 " 

OH 

CH2NC3H5 (LXIV) 
[CKsNCsHfir + A- (LXV) 


depends upon the electron-attracting property of the pyridine 
ring.®® The reaction is favored by electron-attracting sub- 
stituents in the phenyl group, being thirty times faster with the 
p-nitro derivative. 

^ Faibclotoh, y, Ch&m. Soc,j 1186 (1938). 

«8Lock, Ber,, 66B, 1327 (1933). 

Kb5hnkb and Hbffe, Ber,, 70B, 864 (1937). 
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The Hydrolysis of Amides.^^ — ^The hydrolysis of acetamide in 
dilute acid solutions satisfies the equation^®^ 

e; = X:[CH,CONH,+] = (34) 

with 0 the stoichiometric concentration of acetamide and K the 
known (pif = —0.50) ^acidity constant of its conjugate acid 
CHaCONHs"*". According to this equation the specific rate v/c 
should approach the upper limit h as the acid concentration 
increases; actually, the rate goes through a maximum and 
decreases at higher acid concentrations. The same kind of 
maximum appears in the reactions of formamide and of pro- 
pionamide. The data of Table V on the hydrolysis of formamide 


Table V. — ^Acid-cataltzed Hydrolysis op Formamide^®** 
Catalyst HCl 


lO^k 

2 

2.28 

4 

4.42 

00 

6 

5.12 

7 

4.98 

8 

4.50 

9.5 

3.53 

Catalyst H 2 SO 4 

1 

2 

2.9 

3.5 

4.6 

5.0 

6.0 

8.0 

10«A: 

■ 3.00 

4.20 

4.50 

4.78 

4.81 

4.28 

3.11 


by hydrochloric and by sulfuric acid are typical. Above the 
maximum the rates agree reasonably with the equation 

V oc a^Hao (35) 

which suggests that two molecules of water are involved in the 
rate-determining step. The medium effect in these concentrated 
acid solutions may, however, be so large as to render uncertain 
any conclusions of this sort. 

The rate at the maximum is forty-six times greater for form- 
amide and 20 per cent greater for propionamide than for 
acetamide.^^^ 

(a) Beneath, Z. anorg, aUgem, Ckem,^ 161, 63 (1926). (&) Euler and 

Olander, Z. physik, Chem., 131, 107 (1928). (c) Taylor, J. Chem, Soc,, 

2741 (1930). ( d ) Kribble and Holst, /. Am. Chem. Soc.y 60, 2976 (1938). 

(e) Reitz, Z. Elektrochem.j 44, 693 (1938). 






366 


PHYSICAL ORGANIC CHEMISTRY 


Anilide Formation.'^^ — Dilute solutions of carboxylic acids in 
the solvent aniline are converted to anilides at a rate that is 
second order in the acid. The addition of picric, hydrochloric, 
or hydrobromic acid increases the rate and makes it first order 
in the carboxylic acid; thus for acetic acid (HA) with picric 
acid (HP) as catalyst the rate equation at 100° is 

V - 1.22 X 10-nHA]2 + 3.9 X.10-nHA][HP] (36) 

These phenomena are strongly reminiscent of those encountered 
in esterification (page 357) and indicate that the reaction of the 
acetic acid is self-catalyzed (first term) but more effectively 
catalyzed by a stronger acid (second term). Hydrobromic and 
hydrochloric acids have about the same effectiveness as picric 
acid in this reaction as in the diazoamino rearrangement (page 
286) and, for the same reason, the leveling effect of the basic 
solvents. The rates of reaction of various carboxylic acids 
parallel their rates of esterification, i.e.j formic, very fast; 
acetic, 3.9 X 10”^; propionic, 2.4 X 10”®; ?^-butyric, 1.44 X 10”®; 
f-butyric, 0.61 X 10"®. 

The Reactions of Acid Chlorides and Anhydrides. — The reac- 
tions of acid chlorides and anhydrides differ from those of esters 
in the way which would be predicted from the fact that these 
are combinations of acyl groups with less nucleophilic groups than 
the alkyloxy group of the ester. For this reason the addition of 
a nucleophilic reagent to the carbonyl carbon of R — CO — Cl 
should be easier than with R — CO — 0 — R, as should also be the 
rupture into R — CO"^ and Cl”. 

No acid catalysis has been observed in the reactions of acid 
chlorides.^2 This is in agreement with the considerations just 
cited, since the electron-attracting halogen should make the 
oxygen less basic, whereas the increased reactivity makes an 
acid catalysis dispensable. Whether there is a basic catalysis 
does not appear from the existing data. The Schotten-Baumann 
method of treating an alkaline aqueous solution of alcohol or 
amine with benzoyl chloride appears to be one, but the reaction 
is heterogeneous and the kinetics have not been investigated. 

Goldschmidt and Wachs, Z, physih Ohem.^ 24, 353 (1897), Gold- 
schmidt and Bitlxmn, Fer., 39, 97 (1906). 

72 Olivebe and Beegee, Rec, irav, 46, 861 ('1927). 
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When an acyl chloride reacts with water or alcohol in large 
excess, the reaction is of the first order; when both chloride and 
alcohol are solutes in dilute solution in ether, it is of the second 
order in alcohol and of the first in acid chloride^® The solvent 
exerts a pronounced and important effect as the following specific 
rates (times 10® and with the concentrations in mole fractions) 
for the reaction of benzoyl chloride with ethanol indicate^®®: 
in ethyl ether, 2.2; n-butyl ether, 3.0; ethyl acetate, 4.4; acetone, 
11-3; anisole, 13.3; nitrobenzene, 14; n-butyl chloride, 15; ben- 
zene, 17; chlorbenzene, 17; hexane, 19; carbon tetrachloride, 20; 
dimethylanihne, 58. The value of tertiary amines as solvents 
for this reaction has been known and utilized for preparative 
purposes for a long time and has been attributed to a reactive 
intermediate of the type [CeHs — ^N(CH 3 ) 2 — CO — CeHs]"^ + Cl"". 
This may be a factor, but the quantitative data do not suflSice 
to prove it since the ratio of the rate of reaction in dimethylanihne 
to that in carbon tetrachloride is only one-third of the ratio of the 
rate in carbon tetrachloride to that in ether. 

The hydrolysis of acetic anhydride in aqueous solution shows 
httle if any acid catalysis^^; in the solvent acetic acid there is pro- 
nounced catalysis both by acids and by bases (page 285), 

73 (a) Nobbis, Fascb, and Statid, /. Am. Chem. Soc., 67, 1416 (1935). 
(6) Nobbis and Haines, ihid.j 67, 1425 (1935). (c) Ashdown, ibid., 62. 

268 (1930). 



CHAPTER XII 


ATOM AND RADICAL REACTIONS; OTHER 
REDOX REACTIONS 

Chain Reactions. — ^The reaction in the gas phase 

H, + l2^2HI (I) 

is unaffected by external conditions other than temperature and 
is insensitive to catalytic effects of any sort. Its kinetics are 
bimolecular, and the process may be satisfactorily interpreted 
as a simple changing of partners (page 135). 

The reaction of hydrogen with chlorine has entirely different 
properties. No reaction occurs in the absence of an external 
stimulus, but the absorption of light or of X rays, the action of 
gaseous ions, or the introduction of sodium atoms leads to an 
amount of reaction that is out of all proportion to the magnitude 
of the stimulus. One light quantum^ or one sodium atom^ may 
induce the formation of as many as a thousand molecules of 
hydrogen chloride. Such effects may be accounted for by what 
is called a chain mechanismM The light quantum or the sodium 
atom produces atomic chlorine by the reactions 


CIs + h»--.2CI 

(II) 

Na + Cl, NaCI + Cl 

(III) 

and this reacts as follows: 


Cl + H, HCl + H 

(IV) 

H + Cl, HCl + Cl 

(V) 


The sequence (IV), (V) produces two molecules of HCl and 
regenerates an atom of chlorine, which may initiate a repetition of 
the cycle or chain. The atomic chlorine and hydrogen are, 
therefore, called chain carriers. Obviously the chain can con- 

^ Bodenstein*, Z, physik. Ckem,, 86, 346 (1913). 

* Bogdandt and Polanyi, Z. Elektrochem,^ 38, 554 (1927). 

* Nbenst, Z, Elektrochem.f 24, 335 (1918). 
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tinue until something happens to a carrier which does not produce 
another carrier to take its place. If such ^^chain-breaking 
reactions^’ are sufficiently rare, the large number of hydrogen 
chloride molecules produced by the initial formation of one 
chlorine atom is immediately accounted for. 

The chain might conceivably be broken by any of the combina- 
tion processes 


2H Ha (VI) 

2CI->Cl2 (VII) 

H + Cl-^HCl (VIII) 

These are unlikely because they involve collisions between two 
molecules present in very low concentration, whereas the chain- 
propagation reactions (IV) and (V) involve a collision of a rare 
molecule with one present in large concentration. In addition, 
the combination of atoms (although not necessarily that of 
radicals) can occur only if a simultaneous collision with a third 
body dissipates the energy of the reaction. The chain may 
also be broken by adsorption of a carrier on the wall of the con- 
tainer, where it must eventually combine with another atom or 
radical but finds leisure to do so. It may finally be broken by 
the reaction of a carrier with an impurity to form products that 
are inactive as carriers. Since the concentration of the carriers 
is always minute, the concentration of chain-breaking impurity 
need only be small to exert a profound effect on the rate of reac- 
tion. If one carrier atom inay produce a thousand molecules of 
hydrogen chloride, the removal of one carrier molecule may 
inhibit the formation of a thousand molecules. Such an inhibition 
is in fact produced by traces of oxygen in the hydrogen-chlorine 
reaction. When the formation of carriers is continued by steady 
illumination with light of suitable frequency, the inhibiting 
oxygen is eventually used up by reaction with the carriers, and the 
reaction then speeds up greatly. The reaction under these con- 
ditions shows a ^'period of induction,” a period of slow or negli- 
gible reaction during which the oxygen is eliminated, after which 
a rapid reaction takes place. Neither the action of sodium in 
inducing the reaction nor that of oxygen in inhibiting it should 
properly be called catalytic since the substances are consumed 
as a result of their action. 
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Autoxidations, — Many if not all those reactions with molecular 
oxygen, which take place at ordinarj^ temperatures without the 
accompaniment of the phenomena of combustion and which were 
entitled autoxidations in the days when the word oxidation 
meant reaction with oxygen and nothing else, exhibit the kind 
of sensitivity to inducing and inhibiting agents that is so char- 
acteristic a propert^^ of the hydrogen-chlorine reaction. A classi- 
cal example is the reaction of sulfite ion with oxygen to form 
sulfate ion. Amounts of copper ion of the order of pro- 

duce a measurable acceleration of the reaction,^ and small 
amounts of oxidizable organic substances, such as primary and 
secondary alcohols, profoundly inhibit it. Tertiary alcohols, 
which are not easily oxidized, have no such effect.*^ The reaction 
is accelerated by ultraviolet light, and the number of molecules 
that react per light quantum is of the order of tens of thousands; 
consequently, a chain mechanism is possible. As the photo- 
chemical reaction is inhibited by the same substances that inhibit 
the reaction in the absence of light, the same chain must be 
involved in both cases, the light acting merely as a chain starter.® 
Finally, it has been shown® that benzaldehyde is formed when 
benzyl alcohol is used as an inhibitor in the sulfite autoxidation, 
and acetone appears when z-propyl alcohol is used. Conse- 
quently, the inhibitor breaks the chain by a process that involves 
its own oxidation. 

The nature of the radicals involved in the oxidation offers 
much scope for speculation. A reasonable chain-starting 
process’^ is the attack on a sulfite or a bisulfite ion of a cupric ion 
or of some similar oxidant forming the odd electron substance 
SO3” or HSO3. This and the hydroxyl radical OH may then 
carry on a chain. A study of the dependence of the rate on the 
acidity of the solution® has shown that the rate parallels the 
concentration of SOs" when the concentration of inhibitor is very 
small, but that it parallels the product [HSOs^lISOa*] when a 

^ (a) Tttoff, Z, physik Chem,, 46, 641 (1903). (6) Bigelow, iUd., 26, 

493 (1898). 

® BXckstbom, J. Am. Chem. Soc., 49, 1460 (1927). 

* Alyba and BackstrCm, J. Am. Chem. Soc., 61, 90 (1929). 

^ Haber and WillstZtter, Ber., 64, 2844 (1931). 

s BackstrCm, Z. phyeik. Chem.^ B26, 122 (1934). 
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relatively large concentration of inhibitor is present. This effect 
suggests^ the following system of reactions in which X is the 
inhibitor: 


Cu++ + SOs- ^ Cu+ + SO,- 

(IX) 

SOs” -4“ O 2 — ^ SO 5 

(X) 

S06“ + HSOa- HSOr + SO 3 - 

(XI) 

SOs“ 4“ X — > noncarriers 

(XII) 

HSOfi- + SO,- ^ HSOr + SO 4 - 

(XIII) 


which leads to the expression 

2fclfc2fc3[Cu^^][S03i[HS08-][02] . 

" “ ifc_ifc8[Cu+][HSOs-] + {k.iUCa+] + fc2A:4[02]}[X] 

When the second term in the denominator may be neglected, the 
concentration of HSOs" cancels, and the only pH dependent 
factor is [SO3”] ; when the first term may be neglected, the rate is 
proportional to [HS03”][S03“]. The intermediates have the 
following structures: 


• 6'“ 


»0« 

*— 

•0« 

•0 - s- 


•5- s- 5- a 


• 5- s- 0 - 6- H 

1 

• 0 - 


1 

lO- 

1 


— 1 

•O' 

I 


(A) \b) “ (C) 


The substance (A) is a very probable intermediate in the oxida- 
tion of sulfite ion to dithionate ion 8206“, consequently, there is 
independent evidence for reactions of the type of (IX) ; reaction 
(X) is exactly paralleled in the triphenylmethyl autoxidation; 
reaction (XI) is the transfer, of a hydrogen atom, i.e., a radical 
displacement on hydrogen; substance (C) is not a radical, but a 
known substance, Carols acid, of sufl&ciently powerful oxidizing 
properties to account for reaction (XIII); reaction (XII) may 
be any one of a variety of chain-breaking processes involving the 
oxidation of an inhibitor. 

The Autoxidation of Triphenylmethyl.® — Hexaphenylethane in 
chloroform solution is oxidized by iodine to triphenylmethyl 
iodide at a rate which is independent of the iodine concentration 

® (a) ZiBGLBR, Ewald, and Orth, Ann,, 479 , 277 (1930). (6) Ziegler 

and Orth, Ber., 66, 628 (1932). (c) Ziegler and EwALp, Ann,, . 604 , 162 

(1933). 
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and which corresponds nearly enough to the colorimetrically 
estimated rate of dissociation of the ethane into triphenylmethyl. 
The rate of reaction with oxygen is two to four times faster than 
that with iodine and shows a somewhat less than first-order 
dependence on the concentration of oxygen and a more than 
first-order dependence on the concentration of hexaphenylethane. 
The last effect excludes any interpretation that involves either a 
direct reaction of oxygen with ethane parallel to that with the 
radical or a reaction of oxygen with the radical the rate of which 
is comparable to that of the dissociation of the ethane. All the 
effects are, however, consistent with the sequence of reactions 

(C«Hi)3C - 2(C6Hfi)jC- ^ (XIV) 

(CeH6)3C- 4" O 2 — > (C6H8)3C“ 0“ O- (XV) 

(CeH6)8C- 6- 6. + (C6H6)«C - C(CeH6)3 (C6H5)3C- 6" O - C(C6H6)3 + 
* " (C6H8)3C. (XVI) 

The interpretation is abundantly confirmed by the fact that the 
oxidation of hexaphenylethane induces a chain oxidation of 
anisaldehyde, styrene, dimethylfulvene, and the like, in which the 
number of molecules of the latter oxidized may be as many as 
65 for each molecule of hexaphenylethane reacting. The 
triphenylmethyl radical plays the same part in the induced 
oxidation that the sodium atoms do in the hydrogen-chlorine 
reaction. 

Autoxidation of Aldehydes, — ^The addition of a radical to an 
oxygen molecule which appears in reactions (X) and (XV) may 
also account for the ferrous ion catalyzed autoxidation of benz- 
aldehyde to perbenzoic acid,^® A reasonable mechanism^^ is 
the following: 

H 

CeHj- C * O * + Fe+++ CeH*- C « O' + -f H+ (XVII) 

CcHj ”* C ® O ' -f" O 2 — > CfiHfi - C " O ~ O- 

- II ^ 

«0 

CeHs - C ” O • O- 4“ OeHfi -0*0'-^ CeHe - H 4“06H6 - C = O » 

1“ u"" 

lO H *0 

Wmuiim and Eichtbb, Ann., 486, 226 (1931). 

Rich and Rice, ‘‘The Aliphatic Free Radicals,'" Baltimore, 1935, p. 179, 
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The autoxidation of benzaldehyde is powerfully inhibited by 
certain phenylated olefins. Thus the olefin (D) in the amount 


o 

o 


C = C 


OO- 


c = o 





0 

1 

o 


of 1.3 per cent of the weight of the aldehyde reduces the rate of 
autoxidation of benzaldehyde sixteen-fold and is itself simul- 
taneously oxidized to fluorenone The coupling of the 

two oxidations does not involve the action of perbenzoic acid 
on (D), as these substances do not react under the prevailing 
conditions; it must involve the chain-carrying radicals of the alde- 
hyde oxidation. The much slower autoxidation that (D) under- 
goes in the absence of aldehyde is itself a chain process, since the 
reaction may induce an autoxidation of dioxane when the latter 
is used as the solvent. The glycol (F) is not involved in these 
chains, since it is not attacked when present in the oxidizing 
mixtures and does not inhibit the autoxidation of benzaldehyde. 

Other Oxygen-induced Ole:^ Reactions. — ^The autoxidation 
of acrolein is powerfully inhibited by a variety of oxidizable 
organic substances, notably by hydroquinone and pyrogalloL^® 
These are frequently called antioxidants^ and under this name 
inhibitors of oxidation and of oxygen-induced reactions have had 
a wide technical importance. The same substances that inhibit 
the autoxidation are found^* also to inhibit the otherwise easy 
polymerization of acrolein. It seems, therefore, probable that 
the radicals involved in the oxidation can also induce a polymeri- 
zation, probably by way of the formation of a radical of the type 
[R 2 C — CR 2 ]“, and its condensation according to^^ 


[R*C - CRsr 4- R 2 C = CR, [R 2 C - CRa - CRa - (SRi]- (XVIII) 

WiTTiG and Laitgjj, Ann., 686, 266 (1038). 

IS MotjiiBXJ and Dtifraissb, Chem. Rev,, 8, 113 (1926). 

D 0 STAI 4 and Mabx, Angevo, Chem,, 60, 348 (1937). 
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forming a new radical that may condense further. The poly- 
merization stops by disappearance of the odd electron through 
combination of radicals, by exhaustion of material, or simply 
because the entropy of activation decreases with increasing 
degree of polymerization (page 126). 

The addition of sodium bisulfite to an olefin occurs only in 
the presence of oxygen or an oxidizing agent^® and forms products 
analogous in structure to those produced in the oxygen-induced 
addition of bromine (page 375). Thus CHs — CH— CH 2 yields 
[CHg— CHs— CHaSOs]- rather than the isopropyl derivative. A 
reasonable reaction course involves the radical SOs"" (pa^g© 371) 


R R 

•6«' 
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- • 


N, II- 

C = C + 

• o-s. 


C" C- S- 0* 

✓ \ 

“ 1 


^ 11 "* 

R R 

>o 


_R R«0« 


■r R ' O' 

- 

»6'“ 

- 

- H R «0> 

1 1 1 

C- C- S- O' 

+ 

H-0-S‘ 


R- C- C- S- O' 

III** 

^ 11 “ 

R R 'O' 


«0* 


R R >0« 


iO» 

«6“S- 

* 0 * 


(XX) 


The olefin sulfonic acid, which is the chief product from styrene, 
can be attributed to the transfer of a hydrogen atom from the 
intermediate (G) to some oxidizing agent, possibly Carols acid, 
which is an intermediate in the sulfite oxidation. 


H»0' 

CeHe-C-C-S- 6» 

111“ 

H H ‘0« 

(G) 

The Peroxide Effect in the Olefin HBr Reaction.^® — Under the 
usual conditions of synthetic operations, allyl bromide, CH.%= 

^ Kharasch, May, and Mato, J. Org. Chem., 3, 176 (1938). 

(a) Khabasch and Mayo, J. Am, Chem, Soc., 66, 2468 (1933). (6) 

Khabasch, McNab, and Mato, 66, 2521; 2531 (1933). 
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CH — CHBr, reacts with hydrogen bromide to yield a mixture of 
1,2- and 1,3-dibrompropanes of variable composition. If the 
reaction is carried out with carefully purified materials under 
conditions of rigid exclusion of oxygen and of the peroxides which 
are always present in olefins that have been exposed to the air, the 
product consists of the 1,2 compound to the extent of about 
90 per cent. An occasional experiment may yield a variant 
result for no obvious reason, but the addition of a small amount 
of the antioxidant hydroquinone or diphenylamine leads to a 
product in which the 1,2 compound amounts without exception to 
90 per cent. Ferric bromide also favors the 1,2 compound to a 
pronounced extent. On the other hand, the deliberate addition 
of oxygen, and still more that of benzoyl peroxide, leads to a 
90 per cent formation of the 1,3 compound. 

Propylene reacts with hydrogen bromide under ordinary con- 
ditions to form i-propyl bromide, following what is often called 
Markonikoff^s rule. Exclusion of oxygen or addition of anti- 
oxidants does not alter the result, but benzoyl peroxide leads to 
formation of practically pure n-propyl bromide. Many other 
examples of effects of this sort in the reaction of hydrogen bromide 
with olefins have been observed, but they never appear in the 
addition of hydrogen chloride, of sulfuric acid, of nitric acid, or 
of water to the olefinic linkage. These always lead to a single 
product the structure of which corresponds to that produced with 
hydrogen bromide under antioxidant conditions. As a number 
of them are known (page 292) to involve a proton addition, it is 
a reasonable hypothesis that the hydrogen bromide addition 
under antioxidant conditions also involves the sequence 

CHs - CH = CH2 4* H - Br > -> [CH3 - CH - CHs]+ + Br- (XXI) 

[CHb- CH - CH8]+ + Br--^CH 3 - CHBr - CH* (XXII) 

This is supported by the favorable effect of ferric bromide, which 
by virtue of its affinity for bromide ion must increase the strength 
of hydrobromic acid. 

The variant reaction in the presence of oxygen or peroxides 
may then depend on an atom reaction of the type^^ 

Kharasch, Engelmann, and Mato, J, Org, Chem,, 2, 288; 400 (1937). 
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CHs- CH s CH2 + ‘Br* CHs" CH - CH^Br (XXIII) 

CH3 - CH - CHsBr + H - Br CHs - CH2 - CHaBr + * Br- (XXIV) 

Other Oxygen-induced Reactions Involving Bromine. Iso- 
stilbene, which is unaffected by hydrogen bromide in the dark or 
in the light provided that antioxidants are present, undergoes a 
ciS'^tTdns rearrangement to stilbene under the influence of hydro- 
gen bromide in the light if oxygen is present and even in the dark 
if peroxides are added. The process probably involves the 
addition of a bromine atom 

CsHfi - CH = CH - CeHs + -Br • CgHs - dH “ CHBr - CeHs (XXV) 

rotation about the carbon-carbon link, which no longer possesses 
the double-bond resistance to rotation, and elimination of the 
bromine atom.^® Chlorstilbene is also isomerized by hydrogen 
bromide in the presence of oxygen and light. 

The rearrangement of CH3COCHBrCOOC2B[5 to CHsBr- 
COCH2COOC2H5 is accelerated by hydrogen bromide and in 
the presence of hydrogen bromide is still further accelerated by 
air, by peroxides, or by illumination.^® 

The bromination of toluene in the side chain is accelerated by 
benzoyl peroxide or by ascaridol (a cyclic terpene peroxide of 
natural origin) either in the dark or in the light, and the photo- 
chemical reaction is retarded by exclusion of oxygen. Both 
peroxide-catalyzed and photochemical reactions are inhibited by 
small amounts of nitrosobenzene or amyl nitrite.^® The side- 
chain reaction competes with the nuclear bromination which is 
not photochemical, not affected either by peroxides or by anti- 
oxidants, but is strongly favored by substances with an affinity 
for bromide ion and doubtless has a positive bromine-ion inter- 
mediate (page 312). 

The addition of bromine to phenanthrene is inhibited by the 
antioxidants hydroquinone and diphenylamine;®^ it induces a 

^ Khajeiasch, Mansfield, and Mato, /. Am, Chem, Soc., 59, 1165 (1937); 
Taylor and Mttrrat, J, Chem. Soc., 2078 (1938). 

Khabasch, Sternfeld and Mato, J. Am» Chem, Soc.^ 69, 1665 (1937). 

Khaeasch, White, and Mayo, J. Org. Ckem.y 8, 33 (1938). 

Price, J. Am. Chem. Soc., 58, 1834 (1936). Price and Thorfb, {bid., 
60, 2839 (1938). 
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broroination of dioxane. The reaction of bromine with anthra- 
cene induces the addition of bromine to phenanthrene or the 
bromination of dioxane. 

All these varied phenomena are accounted for by the hypothe- 
sis that the reactions are chain reactions with bromine atoms as 
the carriers, that oxygen or peroxides act as chain starters, 
especially in the light, and that antioxidants suppress the chain- 
starting process. The details of the steps are obscure and prob- 
ably vary from case to case; in fact, oxygen may even retard 
rather than accelerate a bromine addition. This is the case with 
the addition of bromine to cinnamic acid in carbon tetrachloride.^^ 

The Autoxidation of Phenols : Nonenzymatic Processes. — The 
autoxidation of ortho and para dihydric phenols shows a pro- 
nounced acceleration by copper or manganous ions or by an 
increase in pH. The reaction products are complex in the case 
of hydroquinone or catechol, and the problem is materially 
simplified by the use of durohydroquinone.^® This reacts 
accurately according to the stoichiometric equation 


CHs CHj 

\ ^ 

HO- / N- OH + Oj 
/ \ 

CHs CHs 


CHs CHs 

\ ^ 


O 


o + HsOa (XXVI) 


CHs CHs 


The rate law (Q = quinone, H 2 Q = hydroquinone) 

t; = *i[H 2Q][02][0H-]2 + fc2[H2Q][Q][OH-]2 (2) 

shows the presence of two parallel reactions. The first may 
formally be represented as the transfer of two electrons from the 
doubly charged anion of the hydroquinone Q* to an oxygen mole- 
cule with the formation of quinone and peroxide ion 0“; the 
second might be attributed to a rate-determining process 


0- + 0-^2Q- (XXVII) 


The pronounced metallic-ion catalysis shows, however, , that the 
reactions must follow a more involved course. The indication 
that the semiquinone with its odd electron is involved is reminis- 
cent of the autoxidation of triphenylmethyl (page 371). 

22 Baubb and Danxbls, /. Am, Chem, Soc,^ 56, 2014 (19S4). 

2 * James and Wbissbbbgbb, J, Am. Chem. Soc.^ 60, 98 (1938). 
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The rates of autoxidation of hydro quinone and of the mono-, 
di-, and tri-methylhydroquinones^^ show the same dependence 
on pH and on oxygen pressure and the same catalysis by cupric 
ion that the tetramethyl derivative does. The reaction leads 
to complex condensation products, and quinone and hydrogen 
peroxide can be detected only in traces. The probable explana- 
tion is that the reaction 

C 6 H 4 O 2 + H 2 O 2 Cehi,02(0H) + H 2 O (XXVIII) 

produces a hydroxyquinone, which is detectable in traces in 
the reaction product and which is known to condense rapidly to 
materials of high molecular weight. 

The autoxidation of trimethylhydroquinone shows the same 
kind of catalysis by the quinone that is observed in the tetra- 
methyl compound; the less highly methylated substances do not. 
If the effect is present with these but masked in some way, the 
well-known inhibition of the autoxidation of hydroquinone by 
sulfites, so important in the stabilization of photographic devel- 
opers, may depend upon the reaction 


(XXIX) 


This reaction is impossible in the case of durohydroquinone, and 
bhe autoxidation of this substance is not inhibited by sulfite. 

Enzymatic Autoxidatioii of Phenols,^^ — The autoxidation of 
3atechol in the presence of the enzyme tyrosinase forms ortho- 
luinone. There is no evidence that hydrogen peroxide is formed 
)r otherwise concerned in the process and much evidence that it 
s not. The quinone undergoes a reaction accelerated both by 
lydroxyl ions and by catechol the stoichiometric course of which is 

2 C 6 H 4 O 2 "b H 2 O — > C8H4(0H)2 “1“ C6H802(0H) (XXX) 

bnd the regenerated catechol reacts with oxygen again, whereas 
he hydroxyquinone condenses to substances of high molecular 
raght and unknown composition. 

James, Snell, and Weissbebgeb, J, Am, Chem. Soc,, 60, 2084 (1938). 
(a) Dawson and Nelson, J, Am, Chem, Soc, 60, 250 (1938). (j>) 

Waobbich and Nelson, ibid,, 1545, (c) Dawson and Lttdwig, ihid,^ 60, 
1617 (1938). (d) Bokdnbe and Nelson, ibid ,^ 61, 1507 (1939). 
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The enzymatic autoxidation of catechol induces an autoxida- 
tion of phenol or cresol, which does not take place or takes place at 
a greatly reduced rate when the enzyme and oxygen act on the 
monohydric phenol in the absence of catechol Under the 
prevailing conditions neither orthobenzoquinone nor hydrogen 
peroxide attacks phenol. The rate is apparently proportional to 
the concentration of catechol, being decreased by substances that 
react with catechol or orthoquinone and increased by reducing 
agents that convert the quinone to catechol. 

Combustion: Branching Chains. — The interpretation of the 
kinetics of combustion reactions has required the assumption of 
“ branching radical chains, viz., chains containing reactions in 
which one carrier forms two or more. Thus the following reac- 
tion system accounts satisfactorily for the combustion of hydro- 
gen:^® Hydrogen atoms produced by the thermal dissociation of 
molecular hydrogen react by the chain-branching process 

H + O 2 HO + O (XXXI) 

in which one hydrogen atom produces two active chain carriers. 
These react according to 

HO 4 - H2-^H20 -h H (XXXII) 

O + H2-^0H + H (XXXIII) 

thus yielding two hydrogen atoms and a hydroxyl radical for 
each hydrogen reacting in reaction (XXXI). The chain carriers 
are not merely regenerated, their number increases as a result of 
the cycle; consequently, the rate of reaction increases rapidly. 
Such a process can obviously account for an explosive reaction; 
it is difficult to see how any other can. 

Radical Chains in Cracking Reactions. — ^If the gaseous reac- 
tion products obtained by heating tetramethyl lead are led 
rapidly over a thin, clean, mirrorlike deposit of lead, zinc, or the 
like, the metal is removed with the formation of gaseous metallic 
compounds, from which the metal can be regenerated by heat- 
ing. The material formed from zinc has been shown by its 

Lewis and von Elbe, CJorabnstion, Flames and Explosions of Gases,” 
Cambridge, 1938. 

^ Panbth and Hofeditz, Rer., 62, 1335 (1929). 
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mBltiti g and boiling points to be dimethyl zinc, ZnCCHs) 3 . There 
can be little doubt, therefore, that the decomposition of tetra- 
methyl lead forms methyl radicals. The property of removing 
metal mirrors is a very sensitive test for the presence of alkyl 
radicals and makes possible the study of these very reactive 
substances. For instance, the half life of the methyl radical is 
found to be 0.001 to 0.01 sec. 

By the use of this technique it is found® that the thermal 
decomposition at temperatures from 760 to 950°c of a great many 
hydrocarbons, ketones, and ethers produces alkyl radicals. Less 
stable substances, such as ethylene oxide, azomethane, and 
azo-i-propane form radicals at temperatures as low as 460®. 
The same radicals with the same properties are also formed by 
the action of sodium vapor on gaseous alkyl and aryl halides 
(page 144). 

The alkyl radicals have a powerful inducing action on the 
decomposition of carbon compounds.® When, for instance, a 
mixture of butane and mercury dimethyl is heated at a tempera- 
ture (626®) at which the mercury compound decomposes, but 
at wMch pure butane is entirely stable, some 20 molecules of 
butane are decomposed for every molecule of mercury dimethyl 
that reacts. Similarly, the decomposition of one molecule of 
azomethane at 300° in the presence of acetaldehyde induces the 
decomposition of 30 molecules of the latter. The indication of a 
chain reaction is obvious and emphatic, and it is a reasonable 
hypothesis® to suppose that the thermal-decomposition reactions 
of carbon compounds in general depend upon radical chains of 
the same type initiated by the thermal rupture of a molecule of 
the reactant. The probable chain-propagating reactions are 
simple displacements of the radical type such as 

H H H H H H 

I II I II 

H-C- + H-C-C-H-I-H-C-H+.C-C-H (XXXIV) 

I t I 1 It 

H H H H H H 

*8 Ricb and Rice, ‘^The Aliphatic Free Radicals/' Baltimore, 1936- 

** Frbt, Ind, JBng, Chem.y 26, 198 (1934). Sickmann and Axlen, J, Am. 
Chem. Soc.y 66, 1261 (1934). Allen and Sickmann, ibid., 2031. 

80 Rice and Teller, J. Chem. Phm.y 6, 489 (1938). 
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or 

HH HH HH HH 

> i II II II 

•C-C-H + H- C- C- H->C = C + H- H+-C-C-H (XXXV) 

HH HH HH HH 

or addition reactions such as 

H H H H H H 

I II III 

H-C- + C = C-^H-C-C-C. (XXXVI ) 

I II III 

H H H H H H 

A possible chain-breaking reaction is the dismutation 
HH HH HH HH 

II II II II 

H- C- C- -f- H- C- C- H- C“ C- H + C= C (XXXVII) 

II It II II 

HH HH HH HH 

which is also a radical displacement on hydrogen. 

The Photochemical Formation of Radicals.^ — The photo- 
chemical decomposition of a carbonyl compound RCOR' in 
the gas phase 3delds different products according to the nature 
of the groups R and R'. With acetone and methyl ethyl ketone 
the products are CO and the three hydrocarbons R — R, R — R', 
and R' — R'. The presumption that this process involves the 
radicals R and R' is confirmed by the fact that the photochemical 
decomposition of the same substances in solution in a high-boiling 
paraffin hydrocarbon leads to the formation of R — and R' — 
while the high-boiling solvent becomes unsaturated. Evidently 
the radicals abstract hydrogen from the solvent molecules. 
Ketones with longer chains react differently, methyl-n-butyl 
ketone yielding acetone and propylene, although aldehydes 
RCOH yield only CO and RH. 

Free Radicals in Solution : Oxidation of the Grignard Reagent 
and Reduction of Alkyl Halides. — The electrolysis of ethyl 
magnesium halide in ether solution^^ yields at the anode chiefly 

siNorbish, Tram. Faraday Soc.j SO, 103 (1934). Norrish and Bam- 
FORD, Nature^ 140, 195 (1937). 

(a) Evans and Lee, J. Am. Chem. Soc., 66, 654 (1934). (6) Evans, 

Lee, and Lee, ibid., 67, 489 (1935). (c) Evans and ibid., 66, 720 

(1936). 
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ethane and ethylene, and propyl magnesium halide yields propane 
and propylene. These products can be accounted for on the 
hypothesis that the electrolytic oxidation of the carbanion of 
the reagent yields alkyl radicals by the reaction 


H H ■ 
H- C- C' 

I I 

H H 


H H 

I 1 

— > H “ C — C» "{“ 0 

I 1 

H H 


or, probably more accurately, by (page 146) 


(XXXVI 11^ 


[(C 2 H 8 ) 2 Mgl 2 r 2 C 2 H 5 + Mgl 2 + 2e (XXXIX) 

The ethyl or propyl radicals then dismute to ethane and ethylene 
by equation (XXXVII) or to propane and propylene by a similar 
process. 

The reaction of methylmagnesium iodide is especially indica- 
tive of the formation of radicals. Its electrolytic oxidation 
yields chiefly ethane when the concentration of the Grignard 
reagent is high, but much methane together with some ethyl- 
ene and isobutylene is formed at lower concentrations. The 
amount of methane is much too large in proportion to the olefins 
to be accounted for by any dismutation process, and the sub- 
stance is clearly produced by the same kind of attack of radical 
on the hydrogen of the solvent that is observed in the photo- 
chemical ketone decomposition (page 381). The decomposition 
of the ether solvent thus induced leads to the appearance of 
carbon dioxide in the reaction products. The other products of 
the oxidation are easily accounted for: the ethane can be attrib- 
uted to the combination of two methyl radicals and the favorable 
effect of high concentration is consistent with such a bimolecular 
process, the isobutylene and some of the ethylene to a polymeri- 
zation of CHa produced by a dismutation of CH3, and the rest of 
the ethylene to the decomposition of the solvent. 

The electrolytic reduction of ethyl iodide in alcoholic solution^® 
appears to have as its initial step the reaction 

C2H5I -{- e C 2 H 6 + 1“ (XL) 

If it depended upon an attack of electrolyticaUy produced hydro- 
gen atoms, the relative amounts of hydrogen and organic reduc- 


*« Plump and BLammbtt, Tram, Electrochemical Soc,, 73, 523 (1938). 
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tion products should be independent of the acidity of the solution, 
as this can affect only the rate of formation of atomic hydrogen 
and not the course of its subsequent reaction. Actually, the 
proportion of hydrogen increases rapidly with increasing acidity 
of the solution. The reaction products ethane, ethylene, and 
butane can be accounted for by the following reasonable reactions 
of the ethyl radical: 

CaHs + H+ + e CaHe (XLI) 

2C2H6->C4Hio (XLI I) 

together with the dismutation (XXXVII). 

The Kolbe Synthesis.^^ — This involves the electrolytic oxida- 
tion of a carboxylate ion under conditions of very high anodic 
potential. An active oxidizing agent of high potential such 
as persulfate ion forms the same products. Acetate ion yields 
carbon dioxide and ethane; propionate ion forms carbon dioxide, 
butane, ethane, ethylene, and ethyl propionate; other carboxylate 
ions yield similar products. The products from propionate ion 
may be accounted for by the process 

CaHfiCOa- CaHsCOa + e (XLI 1 1) 

CaHsCOa CaHs + COa (XLIV) 

followed by known or reasonable reactions of the ethyl radical. 
These are reaction (XLII) for the butane, reaction (XXXVII) 
for the ethane and ethylene, and the process 

CaHs CaHsCOa — > CaHsCOaCaHs (XLV) 

for the ethyl propionate. 

Radicals in the Decomposition of Diazotates and Related 
Reactions.®® — When an aqueous solution of a sodium diazotate is 
stirred with benzene or one of its substitution products, a diphenyl 
derivative is formed®® 

[CeHs* N = N ■“ O ']“ + CeHfl — > CeHj" CeHs -f- Na 4" OH^ (XLVI) 

The reaction has entirely different properties from those which 
involve the attack of a carbonium ion or other electrophilic 
reagent on the benzene ring (page 309). The reaction with 

®^Fichter et al., Helv, Chim. Acta, 16, 885 (1933); 18, 704; 1276 (1936); 
19, 149 (1936). 

Hey and Waters, Chem. Rev., 21, 169 (1937). 

Gomberg and Bachmann, J, Am. Chem. Soc., 46, 2339 (1924). 
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nitrobenzene is faster than that with toluene, instead of slower, 
and produces p-nitrodiphenyl rather than the meta derivative. 
It seems, therefore, probable®^ that the intermediate is a phenyl 
radical rather than a carbonium ion. The same kind of evidence 
indicates that phenyl and substituted phenyl radicals may be 
formed from nitrosoacetanilides C 6 H 5 N(NO)COCHs, from aryl- 
azotriphenylmethyls CeHs — N=N — C(C 6 H 5 ) 3 , and from diacyl- 
peroxides. When heated in solution all these substances 
abstract hydrogen from alcohols yielding aldehydes, or chlorine 
from carbon tetrachloride, or they form diphenyl derivatives sub- 
stituted in the para position. Furthermore, and very character- 
istically, they attack tin, copper, mercury, and other metals 
forming water-soluble metallic salts. ^ 

Semiquinones.^® — As the stable filled shells of all atoms con- 
tain an even number of electrons, the usual stable organic 
molecule also contains an even number of electrons. The most 
familiar odd-electron carbon compound is triphenylmethyl, which 
is stabilized against the polymerization which is the common fate 
of such substances, by the distribution of the odd electron over 
a large volume (page 29). The substance is still a powerful 
reducing agent, however, and can be preserved only in the absence 
of oxygen. Recent investigation has shown that this need not 
be the case with all odd-electron substances and that relatively 
stable substances of this sort, to which the generic name of semi- 
quinone has been given, may often be formed in oxidation or 
reduction reactions. The simplest case is that of the reduction 
.of tetramethylquinone in strongly alkaline solution (pH = 13).'^° 

If a solution of the quinone (symbol T) is treated with a 
reducing agent, the reaction 

+ 2 H+ + 2 e ;=± C6(CH3)4(OH)2 (XLVII) 

requires two equivalents of reducing agent for each mole of hydro- 
quinone (symbol R) produced. An inert electrode immersed 
in the solution deve’opes a potential E, which is given by 

37 Grieve and Btex, J . Chem. Soc,, 1797 (1934). 

38 Waters, J. Chem, Sac,, 113 (1937). 

3® Michaelis, Chem, Rev,, 16, 242 (1935). MichabijIS and Schubert, 
iUd,, 22, 437 (1938). 

^0 Michabus, Schubert, Reber, Ruck, and Granick, J, Am- Chem, 
Soc., 60,. 1678 (1938). 
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or 


ri rio I 1 [T] 


(3) 


^ = IS == a2FiS-B^)/RT 

^ [R] ® 


(4) 


for any constant pH, and a plot of values of E against titer of 
reducing agent represents a potentiometric titration curve* If, 
in addition, a semiquinone S is formed by the addition of one 
electron and exists in equilibrium with R and T 

R4-T^2S (XLVIII) 

the equilibrium law applies in the form 

[R][T] 


Like triphenylmethyl the odd-electron semiquinone must tend 
to dimerize according to the law 


hence. 


2S:;=±D 


[D] _ ^ 

Mr] 


(XLIX) 

( 6 ) 


If a represents the initial concentration of quinone and ax the 
number of equivalents per liter of reducing agent added, the 
equations 

a = [R] + [S] + [T] + 2[D] (7) 

a® = [S] + 2[D] + 2[R] (8) 


are required by the stoichiometry. Equations (4) to (8) may be 
reduced to a single relationship between p and z, which is in 
effect the equation of the titration curve 


2 + + {iKiftx — iK^a — 2)p — 

+ (p - 1)V(2 + + SKipax = 0 (9) 


In spite of its complicated form this equation has a number of 
simple corollaries. In the first place p = 1 when x = 1. Since 
the complete reduction of quinone to hydroquinone corresponds 
to a; = 2, and since E = E° when p = 1, this implies that the 
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potential at the halfway point in the titration always gives the 
value of the molar potential In the second place the quan- 
tity a appears in the equation only in the product If; 

therefore, a series of titrations made with different values of a 
yield identical titration curves, the quantity must be so 
small that all the terms involving may be neglected. In this 
experimentally recognizable case the extent of dimerization is, 
therefore, negligible. 

Finally, the slope dE/dx = (RT/2F)d In p/dx at the mid- 
point of the titration curve is given by 


dE 

drr 


P + 1 — “v/ 1 + -j- 


If the mid-point slope is determined for two different values of 
the concentration a, values of K\ and may be determined from 
equation (10) by graphical methods. The equation takes simple 
forms in the limiting cases of negligible and of almost complete 
dimerization. In the first case {K^ Ki) it reduces to 



from which Ki is easily determined; in the second Ki) it 

reduces to 


da: 


RT 
F ' 



( 12 ) 


which gives the value of K 2 immediately. 

The results of this analysis are entirely unambiguous, since 
they depend only on thermodynamic relationships and the easily 
attainable condition that activity coefiScients are constant. If 
semiquinone or its dimer is formed in appreciable amounts, the 
whole form of the titration curve differs in an unmistakable 
way from that observed when only quinone and hydroquinone 
are present; whereas the effect of dilution on the shape of the 
curve offers a reliable criterion of the presence of the dimer. 
The analysis is supported in a number of cases by colorimetric 
evidence based upon the intense colors that many semiquinones 
and dimers possess and by magnetic evidence^^ With very rare 

Michablis, Bobkbe, and Bebbe, J. Am, Chem. Soc,, 60, 202 (1938). 
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exceptions, compounds of the lighter elements containing an even 
number of electrons are diamagnetic, and odd-electron com- 
pounds are paramagnetic. The property of paramagnetism 
offers, therefore, a criterion for the presence of odd-electron 
substances and even a method for the determination of their 
concentration. 

In general quinone, hydroquinone, semiquinone, and dimer 
are acids and bases; consequently, the molar potential and the 
constants Ki and K 2 are functions of the pH of the solution. 
Usually the semiquinone is formed in appreciable concentrations 
only in a restricted range of acidities. Thus the reduction of 
tetramethylbenzoquinone (duroquinone) at a pH of 13 gives 
unmistakable evidence of the presence of a semiquinone and of 
the absence of a dimer. The value of is of the order of unity, 
and the mid-point slope is, therefore, 50 per cent greater than 
would be the case in the absence of the semiquinone. In less 
alkaline solutions the concentration of semiquinone becomes 
negligible. 

The reasons for such a dependence on acidity are qualitatively 
intelligible. The stoichiometric concentration of hydroquinone 
that enters into equations (4), (5), and (6) is the sum of the con- 
centrations of the substances H 2 Q, HQ~, and Q"*, which are 
related to each other and the oxonium-ion concentration by 
protolytic equilibrium relationships. In the same way the 
stoichiometric concentration of semiquinone is the sum of the 
concentrations of HQ and Q”. Because of the special stability 
of symmetrical resonance systems, systems H 2 Q, Q^**, Q”, and Q 
are particularly favored. A region of pH in which the semi- 
quinone exists chiefly as Q" and the hydroquinone is present 
chiefly as HQ” will, therefore, be the optimum one for the forma- 
tion of semiquinone, and an increase or a decrease in pH will 
decrease its concentration. 

Unsubstituted p-benzoquinone cannot be studied at high alka- 
linities, because of the rapid decomposition of the quinone; in 
neutral or acid solutions no appreciable amounts of semiquinone 
or dimer are present. The familiar substance quinhydrone is 
stable in the solid state only; its diamagnetism shows it to be a 
dimer. Its low solubility and intense color are frequent prop- 
ScHWABZBNBACH and MiCHABiiis, /. Am, Chem, Soc,i 60, 1667 (1938). 
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erties of such dimers. Phenanthraquinone-3-sulfomc acid forms 
both semiquinone and dimer in strongly alkaline solution, dimer 
only in acid ones."*^ 

In addition to a considerable number of quinones^® the follow- 
ing types of substances form odd-electron compounds on reduc- 
tion: quinoneimines and diimines related to phenazines 

derived from (/), 7 , 7 '-dipyridyls (J), indigo and its derivatives, 
and other heterocycles. 


HjC- N- CHa 



H- C 

II 

H- C 


H- C 

II 

H- C 


R 

I 

N 


C 

I 

C 


N 


C- H 
C- H 


C- H 
C-H 


R 

{J) 


A substance of similar properties is also formed in the oxidation 
of benzoin, CsHgCOCHOHCeHs, to benzil, CeHsCOCOCeHs.^" 
The Mechanism of Oxidation-reduction Reactions. — The 
purely thermodynamic demonstration of the existence of semi- 
quinones has no direct bearing on the problem of the possible 
appearance of these substances as intermediates in the inter- 
conversion of hydroquinone and quinone, although it is presump- 
tive evidence of importance. Actually, oxidation-reduction or 
redox reactions are known to go by a variety of mechanisms. 
The direct transfer of a hydride ion from one molecule or ion 
to another constitutes an oxidation of the former by the latter 
and represents the probable mechanism of the Cannizaro reac- 
tion (page 351). The reactions of atmospheric oxygen with 
organic compounds apparently find their easiest path that of a 


Gbake and Lemon, Trans, Faraday Soc.^ 34, 1409 (1938). 
Michablis and Fetchbk, J. Am, Chem, Soc,, 69, 1246 (1937). 
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radical chain in most cases (page 372). Many of the redox 
reactions of inorganic chemistry depend upon the transfer of an 
oxygen atom. Thus the oxidation of arsenite by iodine possesses 
kinetics consistent with the mechanism 

I2 + 2H2O ^ HIO + [' + OH3+ (L) 

HIO + H3ASO3 HI + H3ASO4 (LI) 

with the oxygen transfer (LI) rate determining. 

The simplest process in appearance is the direct transfer of 
an electron from reductant to oxidant. When the transfer is to 
or from an electrode in an electrochemical process, reactions 
that require merely the loss or gain of an electron are usually so 
rapid that the rate-determining process becomes the diffusion or 
electrolytic migration of the reactants to the electrode or of the 
reaction products away from it. This is just as true of reactions 
involving stable complex ions such as 

Fe(CN)6- + e ;=± Fe(CN)6^ (LI I) 

Mn04~ + e ;=± Mn04'“ (LI II) 

as it is of simple hydrated ions, e.g., 

Fe(H20)6+++ + e Fe(H20)c++ (LI V) 

According to all the available evidence, therefore, the activation 
energy necessary for an electron transfer is extremely small. By 
contrast, reactions involving changes in covalent linkages such as 

Cr04- + 8 H+ + 3 e Cr+++ -h 4H2O (LV) 

are likely to be sluggish and to require a considerable excess 
potential, called an overvoltage, over that theoretically necessary 
for the reaction before the rate reaches a detectable value. 

Systems that are sluggish in their interaction with an electrode 
are also sluggish when brought in contact with other redox 
systems in solution. Thus the reaction in dilute sulfuric acid 
solution 

Ce++++ + Ce+++ + KO2 + OHs^ (LVI) 

is accompanied by a free-energy decrease of 4000 calories and is, 
therefore, entirely possible in the thermodynamic sense. Yet 
its rate is so low that ceric sulfate is indefinitely stable in this 
medium. The ceric-cerous system is a mobile one in contact 

" Bray, Z, physik. Chem., 64 , 463 ( 1906 ). 
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with an electrode, but the oxygen reaction requires a high 
overvoltage. 

The ShafEer H3rpothesis.^® — Two electrochemically mobile 
systems may nevertheless fail to react, the limiting conditions 
being apparently the necessity of a three-body collision. Thus 
the reaction 

2 Ce++++ + TI+ 2 Ce+++ + T1+++ (LVI I) 

fails to take place measurably at 100°c, in spite of the fact that 
both the ceric-cerous and the thallic-thallous system are mobile 
electrochemically. If T1+ must lose two electrons at once or 
none, reaction (JjVII) can occur only if a T1+ comes in contact 
simultaneously with two Ce++++ ions, a very improbable situa- 
tion. Any kind of substance that can accept either one or two 
electrons should serve as a carrier; in fact, manganese compounds 
are effective catalysts for reaction (LVII). Since manganese 
compounds derived from the ions Mn++, Mn+++, and Mn++++ 
are known, the catalysis may be attributed to the sequence of 
reactions 

Ce++++ + Mn-H* Ce+++ + Mn+++ (LVI II) 

Ce++++ + Ce+++ -H Mn++++ (LIX) 

Mn++++ + TI+ Mn++ + TI+++ (LX) 

All these take place by two-body collisions only. 

Similarly, the reaction 

2Ti+++ 4- I 3 ' 2Ti++++ + 31" (LXI) 

is markedly catalyzed by naphtljoquinones, anthraquinones, 
indigotin, pyocyanines, and other organic substances that can be 
reduced one electron at a time through a semiquinone stage. 

Mobile Redox Systems in Organic Chemistry. — ^Like the inor- 
ganic systems, organic redox systems requiring only an electron 
transfer are mobile. Various triphenylcarbordum ions in acetic 
acid solution are rapidly and quantitatively reduced by chromous 
or titanous ion, and mixtures of radical and carbonium ion come 
to equilibrium with an inert electrode in such a way that the 
oxidation potential can be measured.'*^ The reduction of iodine 
by triphenylmethyl is practically instantaneous, and triphenyl- 

^ Shaffer, J, Am. Chem. Soc., 66, 2169 (1933) ; /, Phys. Chem,, 40, 1021 
(1936). 

CoNANT and Chow, J. Am. Chem, Soc,, 66, 3762 (1933). 
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methide ion is also an extremely active reducing agent. The fact 
that the rate-determining step in the reaction of iodine with 
hexaphenylethane is the dissociation into the radical (page 371) 
may be pertinent to the mechanism of many oxidation-reduction 
reactions. 

Systems involving quinones, hydroquinones, and semiquinones 
are sufficiently mobile to permit the measurement of reversible 
oxidation potentials, although the reaction on an electrode sur- 
face is not immeasurably fast like the ferric-ferrous one. Hydro- 
quinone is, of course, in mobile protolytic equilibrium with the 
ion C 6 H 402 “, which differs from quinone only by two electrons, 
and the mobility of the system may well be due to the latter fact. 
Other systems that have a comparable mobility are obtained by 
oxidation of indophenol and indamines or by reduction from 
indigo and its sulfonic acids; others are the azo-hydrazo ben- 
zene, the nitrosobenzene-hydroxylamine, and the hemoglobin- 
methemoglobin system.'^ 

Redox Potentials of Quinone-hydroqtiinone Systems. — Table I 
contains the redox potentials of a variety of quinone-hydro- 
quinone systems. These are the molar potentials for the reaction 

Q + 2H+ + 2e H 2 O (LXII) 

i.e., the potentials at unit activity of all reactants measured 
in alcoholic HCl solution. The effect of a substituent on the 
potential varies somewhat with the medium. 

Effective Potentials. — In many cases an oxidation or a reduc- 
tion is sluggish but can nevertheless be driven by the use of an 
oxidizing or reducing agent of sufficiently positive or negative 
potential. In effect this amounts to the same thing as an elec- 
trolytic oxidation under conditions of high overvoltage. If the 
rate of the reaction depends, as it sometimes does, upon the 
potential of the oxidizing or reducing agent alone and not on 
its specific nature, a useful “effective potentiar' may be meas- 
ured. This is the potential at which the rate of oxidation or of 
reduction of the sluggishly reacting substance becomes perceptible. 

The^ simplest method of measuring an effective potential is 
to test the reaction of the substance to be measured with a series 
of dyestuffs that themselves constitute mobile redox systems and 

^ These systems are reviewed by Clark, Chem, Rev.y 2, 127 (1926). 
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by their color change indicate whether or not reaction has 
occurred. Because of the interest in such measurements in 
biological systems, many oxidation indicators of this sort have 
been carefully studied and their potentials under various con- 
ditions of acidity determined.^ Any other method that deter- 
mines whether or not the sluggishly reacting system reacts with 


Table I. — Molak Oxidation Potentials op QtriNONE-HTDBOQUiNONB 

Systems 

(Alcoholic solution at 25°)^® 


Quinone 

E^ 

Quinone 


p-Benzoquinone 

+0.711 

Tetrachlor-p-benzoquinone . 

+0.703 

Methyl-p-benzoquinone 

p-Dimethyl-benzo quinone. . . 

0.656 

0.597 

Brom-benzoquinone 

Ethyl-benzoquinone 

0.735 

0.658 

Tetramethyl-benzoquinone . . 

0.466 

Hydroxy-benzoquinone 

0.599 

p- Methyl, i-propyl-benzo- 
quinone 

0.589 

1 j4-Naphthoquinone 

0.484 

Chlor-benzoquinone 

0.736 

1,4-Naphthoquinone- 

2,3-Dichlor-benzoquinone. . . 

0.711 

2~sulfonate 

0.653 

2,5-Dichlor-benzoquinone . . . 

0.734 

2-Hydroxy-l ,4-naphtlio- 


2,6-Dichlor-benzoquinone , . . 

0.748 

quinone 

0.357 

Trichlor-benzoquinone 

0.726 

1 ,2-Naphthaquinone 

9,10-Anthraquinone 

0.580 

0.156 


a mobile redox system of known potential may also be used for 
the determination of effective potentials. The effective poten- 
tials for the reduction of the following substances in 0.2m aqueous 
HCl were determined by methods of this sort:®® HSO 3 C 6 H 4 N— 
NC 6 H 4 OH, +0.42; CeHs— CO— CH==CH— COOH, +0.06; ais 
HOOC — CH— CH — COOH, —0.25; 2,4-dinitrobenzoic acid, 
+0.23; m-nitrobenzoic acid, +0,06. 

An effective potential may also be measured by determining 
the potential that must be applied externally to an electrode in 
order that the substance may be oxidized or reduced at a per- 
ceptible rate. The otherwise difficult problem of obtaining an 

CoNANT and Fibsbk, J. Am. Chem. Soc., 45, 2194 (1923); 46, 1868 
(1924). LaMeb and Baber, ibid,, 44, 1954 (1922). Kvalnes, ibid.^ 66, 
670 (1934). Fibser and Pibser, ibid., 66, 1665 (1934). Fieser and 
Peters, ibid., 63, 793 (1931). 

CoNANT, Chem. Rev,, 8, 1 (1926). 
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electrode of reproducible properties may be solved by the use of 
Heyrovskii's dropping mercury electrode technique, in which 
the electrolytic process occurs on a constantly renewed surface of 
purified mercury. Some results on carbonyl compounds obtained 
by this method follow.®^ Acetone, acetylacetone, and cyclo- 
pentanone have potentials so negative that no perceptible reduc- 
tion can be obtained. The values of aliphatic aldehydes are 
in the neighborhood of — 1.9 volts, those for phenyl alkyl ketones, 
from —1.5 to —1.6; for benzophenone and benzaldehyde, —1.3; 
for benzalacetophenone and other unsaturated ketones and for 
pyruvic acid, —1.1 to —1.2; for 2>“benzoquinone, —0.1; for 
diacetyl, —0.93; for benzil —0.7. In phenyl derivatives the 
introduction of hydroxyl or of methoxyl makes the potential 
more negative. 

The Addition of Electrons to TJnsaturated Systems. — Given a 
sufficiently high-pressure source of electrons, which in practice 
usually means an alkali metal, many unsaturated substances add 
electrons directly. Thus benzophenone reacts either with one 
or with two atoms of sodium,®^ forming products that are elec- 
trolytes in liquid ammonia solution.®® The reactions are 

CeHfi" c- CeHfi + Na-^rCeHs- C- CeHsl- + Na+ (LXIII) 

•O L '0‘ J 

CcHb- 6- CeHfil- rCeHfi- C- CeHil- 

I + Na -4 I + Na+ (LXIV) 

■O' J L *0' J 

The radical produced in reaction (LXIII) is largely dimerized 


CeHj 


CeHg CeHs 

1 I 

CeHs- C- 


CaHe- C C- CeHfi 

I O' 


■O' 'O' 


If an acid such as ammonium ion or water is added, the ions 
accept protons, e.g., 

Adkins and Cox, /. Am, Chem. ^Sfoc., 60, 1151 (1938). 

ScHLBNK and Wbichsbl, Ber,, 44, 1182 (1911). Schlbnk and Thal, 
ibid,, 46, 2840 (1913). 

Kraxjs and Been, J. Am, Chem, Soc.^ 65, 3609 (1933). 
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H 


CeHs" C " CfiHs 
• 0‘ 

CjHs CsHg 

CeHs ■“ C ■ C “ CeHs 

t I 

i0‘ ‘O' 


+ 2 NH 4 + CsHfi- C- CcHfi + 2 NH 3 (LXVI) 

«0- H 

CfiHfi CeHs 

I I 

+ 2NH4+ CeHa - C C - CeHfi + 2 NHs 


'O- H 'O- H 


(LXVIl) 


and benzhydrol and benzpinacol are formed. 

The same sequence of reactions might occur when the metal 
acts on the ketone in the presence of the acid, in which case 
reactions (LXVI) and (LXVIl) would follow very rapidly on 
reactions (LXIII), (LXIV), and (LXV). This process offers a 
very satisfactory mechanism for the reduction of a carbonyl 
compound by sodium and alcohol, by zinc and hydrochloric acid, 
or by any similar system.®^ Since esters react with sodium 
metal in liquid ammonia solution in the same way that ketones 
do,®® a similar mechanism may well be involved in the reduction 
of esters by sodium and alcohol. The fact that alcohol instead 
of ether is formed may be attributed to the loss of alkyloxy ion 
from an intermediate formed by reactions analogous to (LXIII) 
and (LXIV) 




R- C- 6- R' 

I 

‘O' 



R-C 

II 

* 0 ‘ 


+ [‘0-Rr 


(LXVI II) 


The product is the conjugate base of the aldehyde RCHO, the 
rapid further reduction of which yields the alcohol. The impossi- 
bility of reducing an acid by this method is due to the fact that the 
molecular acid prefers to accept an electron on its acid hydrogen 

RCOOH -f e RCOO- + H- (LXIX) 

with the eventual formation of molecular hydrogen, whereas the 
negative charge on the carboxylate ion must greatly hinder the 
acceptance of an electron. 


WiLiiSTiTTBB, Seitz, and Btjmm, Ber., 61, 871 (1928). 

Khabasch, Stbenfelb, and Mayo, paper presented before the Division 
of Physical and Inorganic Chemistry of the American Chemical Society at 
the Milwaukee meeting, September, 1938. 
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Even olefins, provided that they contain conjugated systems, 
may accept electrons.®* Thus stilbene adds two sodium atoms 
to form an ionic substance 

CsHs- CH = CH - CsHt + 2Na- -*■ [C.Hj- CH- CH - CeH,]" + 

the reaction of which with acids yields diphenylethane, and 
styrene yields a product analogous to a pinacol 

C.H5 - CH = CHa + Na- [CaH, - CH - 6 Hs]- + Na+ (LXXI) 

2[C.Hj- CH - (SHJ- [CeHs- CH - CHj- CHj- CH - C.H.]- (LXXI I) 

“ ScHLBKK, Appenkodt, Michael, and Thal, Ber ., 47, 473 (1914). 
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Absorption spectra, 18, 54, 60-63, 
91, 271 

Acetacetic ester, 143, 244, 296, 297, 
345, 360-363 
Acetals, 303-305 
Acetic acid, solutions in, 52, 262 
Acetylation, catalysis of, 285-286 
Acetylation reactions, 130, 285-286, 
366-367 

Acid halides, reactions of, 190, 210, 
214, 366-367 ‘ 

Acidity, relative and absolute, 257, 
259-260 

Acidity constant, 254 
Acidity function, 267-271, 273 275, 
278, 281 

Acids, base strength of, 271 

effect of structure on ionization 
equilibrium, 80, 85-86, 189, 
190, 205, 210, 214 
nomenclature of, 48 
strong, 251 
theory of, 42 
very strong, 261 
very weak, 49-50, 243-245, 262 
Acrolein, reactions of, 373 
Activation, energy of, 111, 114, 
135 

entropy of, 119-127, 206 
free energy of, 117-118, 122, 194 
heat of, 117-118, 122 
Activity, 87, 127 

Activity coeflEcient, 88-90, 93-94, 
127-129 

Alcohols, optically active, 160 
reactions of, 130, 155, 209, 210, 
292, 296, 299, 308-310 


Aldchlorimine reaction, 354 
Aldehydes, autoxidation of, 372 
Aldol condensation, 343-345, 347 
Alkali alkyls, 144 

Alkyl halides, reactions of, 130, 131, 
138, 143-146, 153-155, 163- 
178, 208-209, 291, 298, 307, 
309-310 

Alkylaniline rearrangement, 326 
Alkylating agents, 355 
Aluminum alcoholate, 352 
Aluminum chloride, 142, 310, 311 
Amide ion, 49, 359 
Amides, reactions of, 189, 190, 205, 
353, 365 

Amine catalysis, specific, 344, 347, 
362 

Amines, reactions of, 130, 180, 189, 
190, 205, 228, 294r-296 
Aminoacids, structure of, 64 
Aminonitrile reaction, 342 
Ammonia, solutions in, 40, 42 49, 
52, 359 

structure of, 14, 15, 33, 67 
Ammonium hydroxide, 45 
Ammonium ion, structure of, 15 
Amphiprotic solvents, 255, 278, 287 
Amyl alcohol, solutions in, 287 
Anilides, formation of, 366 
Aniline, acid catalysis in, 286, 326, 
366 

reactions of, 122, 189, 190 
structure of, 57 

Anionotropic reactions, 315-816 
Anthocyanines, 43 
Antioxidants, 373, 375 
Aprotic solvents, 288 
Arylsulfuric acids, hydrolysis of, 123, 
190, 205, 206 
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Atomic number, 2 
Atomic radii, covalent, 32 
effective, for interaction between 
molecules, 34 
Atomic structure, 2, 9 
Autoprotolysis, 255, 256, 258, 278 
Autoxidation, 370-373, 377—379 

B 

Barometric formula, 69 
Barrier, energy, in reaction rate, 116, 
131 

Bases, ionization in sulfuric acid, 
46-47 

nomenclature of, 48 
strong, 254 
theory of, 42 
very weak, 262, 266, 271 
Basicity constant, 222, 255, 287 
Beckmann rearrangement, 322-324 
Benzene, solutions in, 258, 260, 289, 
290 

structure of, 19, 22, 24 
Benzhydryl chloride, 167, 169 
Benzidine rearrangement, 327 
Benzilic acid rearrangement, 321, 
329, 351 

Benzoin condensation, 348-350 
Biphenyl, structure of, 24, 25 
Boltzmann principle, 69-7^ 113, 
116 

Bond lengths, 32 
Bond order, 25 
Bond strengths, 18, 136 
Boron fluoride, 43, 62, 141, 310 
Bromacetanilide rearrangement, 289, 
290, 328 

Br^nsted catalysis law, 222-227, 238, 
290, 345 

Br0nsted rate equation, 127-129, 
175, 275 

Butadiene, structure of, 18, 21 
Butanol, solutions in, 85, 207, 259- 
260 

Butyl chloride, tertiary, 174 


C 

Camphene hydrochloride rearrange- 
ment, 318-319 

Cannizaro reaction, 350-352, 364, 

388 

Carbanions, 49, 59, 65, 67, 145, 296, 
303, 329, 343, 345, 360 
Carbon dioxide, reactions of, 230, 
329 

Carbon suboxide, 24 
Carbonium ion reactions, 291-328 
Carbonium ions, 53-56, 65, 68, 139, 
171-173, 291, 295, 305-311, 
320, 326 

Carbonyl group, reactions of, 152, 
210-211, 329-367 
Carboxylate ions, structure of, 56 
Carboxylic acids, structure of, 56 
Catalysis, acici, in aprotic solvents, 
288-290 

in concentrated aqueous acids, 
273-277 

definition of, 230 

general acid and base, 215-227, 
229, 241-242, 330, 336 
mechanism of, 182-183, 232, 329 
by metallic ions, 370, 372, 377 
negative, 277, 281-283, 370 
Cellulose, acetylation of, 286 
nitration of, 314 
Chain-breaking reactions, 369 
Chain carriers, 368, 373 
Chain reactions, 368-377, 379-381, 

389 

branching, 379 
Chain starters, 368, 370 
Charge, formal, 64 
Chloracetanilide rearrangement, 277, 
327-328 

Chlorbenzene, solutions in, 260, 289, 
290, 318 

Christiansen equations, 107 
Cis-trans rearrangement, 317, 376 
Citric acid decomposition, 284 
Claisen condensation, 360-361 
Cohesive forces, 33 
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Collision frequency, 112, 115 
Collision theory of reaction rates, 
112-115 

Combustion, 379 

Condensations, 141, 309-311, 343- 
350, 373 

Configuration, prediction of, 181 
of tercovalent carbon, 66-68, 98, 
171 

Conjugate acids and bases, 48 
Conjugated double-bond systems, 
28, 316 

Consecutive reactions, kinetics of, 
104-109 

Coupling of diazonium salts, 314, 
326 

Cracking of hydrocarbons, 380 
Cresol, solutions in, 226, 260, 287 
Critical complex, 128 
Curtius degradation, 324 
Cyanamide, reactions of, 274, 338- 
341 

Cyanhydrine reaction, 152, 211,- 329 
Cyanides, reactions of, 298 
Cyclobutane formation, 308 
Cyclodehydrations, 310 
Cyclodctatetraene, 19 
Cyclopentadiene, 23, 25, 243 

D 

Debye-Htickel theory, 80, 86, 90, 
128, 251 

Deuterium exchange, 98, 110, 230, 
243-245, 247, 249, 337, 343, 
344, 351 

Deuterium oxide, kinetics in, 240 
Deuterons, 2 

Diacetone alcohol decomposition, 
344 

Diazo compounds, 288-290, 296, 
299 

Diazo amino rearrangement, 286, 
32fi-326 

Diazonium ions, 294r“295, 314 
Diazotate ions, 295, 383 
Diazotization, 294 


Dielectric constant, 39, 80-87, 90- 
91, 168, 214 
effective, 81 

Diels- Alder reaction, 114, 126 
Dilute solutions, 94 
Dimethylpyrone, 43, 297 
Dipolar ions, 64, 345, 363 
Dipole field theory of substituents, 
81, 203 

Dipole forces, 34, 159 
Dipyridyl, 388 
Dismutation, 381, 382* 

Dispersion forces, 33 
Displacement reaction, mechanism 
of, 131-156 

stereochemistry of, 157-183 
Dissociation, 52, 172 
Double-bond character, 25 
Double decompositions, 135 
Driving force, chemical, 134, 172, 
291, 338 

Dyestuffs, theory of, 62-63 
E 

Electrical field theory of substitu- 
ents, 199-204 

Electrolytic Grignard and Wurtz 
reactions, 146 

Electrometric study of acidity, 253, 
257, 285 

Electron charge, ix, 2 
Electron density, dependence on 
substituents, 195-197 
Electron-density contours, 8, 11 
Electron mass, ix, 2 
Electron spin, 9 
Electron-transfer reactions, 389 
Electronegativity of groups, 156 
Electronic theory of substituents, 
194 

Electrons, 2 

addition to unsaturated sub- 
stances, 393-395 

Electrophilic displacements, 140, 
153, 209, 312-314 
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Electrophilic reagents, 53, 62, 138, 
174, 292, 300, 310, 312, 318, 348 
Electrostatic energy, 80, 84 
Energy of activation, 111 
Energy levels, 3, 5, 72 
of hydrogen atom, 4 
Enoliaation, 231-235, 246, 274 
Entropy, 78, 83-87 
Enzymes, 183, 378 
Equilibrium, fundamental princi- 
ples, 73-78, 87-89 
Esterification, 123, 189, 205, 212, 
366-358 

Esters, hydrolysis, 121-123, 130, 
162, 177, 189-191, 205, 211- 
213, 354r-359 

other reactions of, 359-361 
Etherification, 299-301 
Ethers, reactions of, 299-301 
Ethylene, structure of, 17, 23 
Ethylene oxides, 301-303 
Exclusion principle, 9 

F 

Ferrocyanides, 298, 389 
Filled sheU, 10 

Formic acid, decomposition of, 277, 
283 

solutions in, 52, 55, 261, 266 
Formocholine chloride decomposi- 
tion, 341 

Free energy of reaction, 74, 77, 78, 
80, 83, 194 

Pree 2 dng out of quantized energies, 
72 

Friedel-Crafts reaction, 190, 309- 
310, 348 

Fumaric acid, 147, 317 
G 

Gas phase, reactions in, 129-130 
General acid and base catalysis (ace 
Catalysis) 

Graphite, structure of, 23, 36 


Grignard reagent, 145-146, 156, 297, 
329, 359-360, 381-382 

H 

Halochromie, 61 

Halogen acids, reactions of, 175-177 
Halogenation of aromatic com- 
pounds, 312, 376 

Halogens, addition to olefins, 147- 
151 

Heat, of addition reactions, 21 
of reaction, fundamental equa- 
tions, 75-78, 83 
Heat capacity, 76, 77 
Hemiacetals, 304, 305, 338 
Heterocycles, formation of, 306 
Hofmann degradation, 324 
Hydride shifts, 319, 351, 388 
Hydrocyanic acid, hydrolysis of, 353 
solutions in, 39 

Hydrogen bonding, 34-36, 39, 54, 
86, 236, 241, 289, 334 
Hydrogen molecule, structure of, 11 
Hydrogen molecule ion, 11 
Hydrolysis of salts, 49, 255 
Hydronium ion, 41 
Hydroxonium ion, 41 
Hydroxyl ion catalysis, 221, 241— 
242, 321, 344 

Hydroxyl ion concentration, 254 
Hydroxylic solvents, 39, 54 

I 

Indicators, acid-base, 61, 91-94, 262, 
257, 264r-267 
redox, 391-392 
Indigo, 388 

Indole, polymerization of, 308 
Induced reactions, 368, 370, 372- 
373, 379, 380 
Induction, period of, 369 
Inductive effect of substituent, 195 
Inertia, chemical, 134, 346 
Infrared absorption of phencds, 27 
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Inhibition of reaction, 369-371, 373, 
377, 378 

Interatomic distances, 23-25, 31-32, 
135 

Intermediates, reaction, 65, 105, 130 
Inversion of configuration, 157 
Ion, 2 

Ion association, 40-41, 50-52, 258 
Ionic atmosphere, 86 
Ionic strength, 90 

Ionization of acids and bases, 42, 45, 
52, 255 

Ions as reaction intermediates, 97, 
130, 139, 148 

Isotope separation, principles of, 76 
K 

Keto-enol equilibrium, 73, 89 
Ketones, base strength of, 238, 271 
halogenation of, 96-97, 104-107, 
189, 209, 229, 231 
reactions of, 57, 205, 210-211, 
329-335 

Kinetic energy, internal, 71, 76-78, 
87, 118-124, 184, 194, 206 
Knoevenagel reaction, 345-347 
Kolbe synthesis, 383 

L 

Lactic acid derivatives, 160, 162, 
175-176 

Lactones, 176-177 
Lattice, ionic, 38, 39, 50 
molecular, 50 

Leveling effect of the solvent, 256 
Lewis valence theory, 13 
Linear free-energy relationships, 194, 
206, 215, 222, 227, 228, 238 
Lyate ions, 255, 278, 281, 2^, 357 
Lyonium ions, 255, 257, 278, 281, 
288, 357 

M 

Magnetic criterion for an odd elec- 
tron, 387 

Maleic acid, 148, 317 


Malic acid decomposition, 281-283 
Malonic ester, 244, 296, 303, 346 
Maxwell distribution, 70 
Mechanism of reaction, 97, 98 
Medium effect, on absorption spec- 
trum, 267, 271 

in ionic reactions, 89, 127-129, 256 
Menthone, inversion of, 289, 290 
Mercuric salts as reagents, 138-139, 
166, 167, 319 
Mesomeric state, 27 
Metal alkyls, 144-145, 379-380, 395 
Methane, structure of, 14, 15 
Methyl orange, 92 
Methyl radical, 16, 144, 380-382 
Methyleneazomethine rearrange- 
ment, 247 

Mixed solvents in acidity measure- 
ments, 262 

Molecular compounds, 36 
Molecular orbitals, method of, 18 
Molecular structure, fundamental 
ideas on, 2, 10-16 

Mutarotation, 103, 221, 226, 245, 
337 

N 

Neopentyl compounds, reactions of, 
153, 156, 317 
Neutralization, 49 
Nitramide decomposition, 215-218, 
223, 226, 287 
Nitration, 198, 285, 313 
Nitric acid, properties and reactions 
of, 46, 313 

Nitriles, reactions of, 190, 205, 353 
Nitrites, reactions of, 298 
Nitro compounds, aliphatic, 67, 209, 
226, 240, 244, 249, 296, 345, 363 
Nitromethane, solutions in, 39, 46, 53 
Nitrous acid, reaction of, with 
amines, 180, 294-296, 298, 306 
Nucleophilic displacements, 142- 
144, 145, 147, 152, 163, 166, 181, 
209, 291, 296, 302, 316 
Nucleus, 2 
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Odd electrons, 21, 30-31, 384 
Olefin bond migrations, 246 
Olefins, basicity of, 151, 292-294 
formation of, 306-307 
hydration of, 292-293 
polymerization of, 307-309. 373 
reactions of, 147-151, 292-293, 
299, 310, 373-376 
Orbitals, 6 
Order of reaction, 99 
Orientation in benzene ring, 124r- 
126, 198-199 

Ortho esters, 218, 220, 305, 357 
Osazone reaction, 334 
Overvoltage, 389 
Oxalic acid decomposition, 284 
Oxidation potentials, 38^386, 392 
Oximes, 334, 335 
Oxonium ion, 15, 41, 44, 46 
Oxonium ion catalysis, 220-221, 241, 
288, 333 

Oxonium ion concentration (see pH) 
Oxonium salts, 43 
tertiary, 43-44 

Oxygen exchange, isotopic, 238-239, 
242, 321, 329, 354, 356 

P 

Paraldehyde depolymerization, 130, 
290 

Partition function, 74, 77, 83, 117 

Perbenzoio acid, 372 

Perchloric acid, 43 

Periodic system, 9 

Perkin reaction, 346 

Peroxide effect, 374-377 

pH, 254, 264 

Phenanthrene-bromine reaction, 78- 
80 

Phenazines, 388 
Phenol, structure of, 27, 57 
Phenolphthalein, 92 
Phenols, autoxidation of, 377-379 
reactions of, 189, 190, 207, 260 


Phenyl radicals, 144, 145 
Phenylboric acids, 189 
Phenylhydrazone reaction, 211, 334, 
335 

Photochemical reactions, 368^370, 
381 

Pinacol rearrangement, 320 
Planck’s constant, ix, 3 
Plural asymmetry centers, 178 
Polymerization, 126, 307-309, 339, 
373-374 

Potential energies, 76-78, 79, 115, 
118-120, 123, 125, 133-135, 
184, 194, 200 
Potentials, effective, 391 
Probability, a 'priori, 69, 71 
Probability density, 7-11, 14, 16-17 
Probability factor in collision theory, 
115 

Protolytic reactions, 42, 49, 144, 209, 
229-230, 241 
Proton, 2, 42 

Proton-transfer theory of acids and 
bases, 42, 49 

Proximity effect, 204r-207, 358 
Pseudo-electrolytes, 41, 53 

Q 

Quadricovalent oxygen, 43 
Quantization, 5, 71 
Quantum mechanics, 4 
Quantum principle, 3 
Quaternary ammonium ions, 144, 
167, 291, 306 

Quinones, reactions of, 336, 377-378 
redox potentials of, 392 

H 

Racemization, 66-68, 137, 160, 163- 
165, 170-174, 315 
of ketones, 97-98, 109-110, 230, 
232, 235-236 

Radical displacements, 144-146, 153, 
154, 380-381 



INDEX 


403 


Radicals as reaction intermediates, 
130, 144^-146, 162, 295, 312-313, 
368-377, 379-384, 389, 393-395 
Radioactive indicators, 164-166, 
173, 310, 328 
Rakowski equations, 105 
Rate constant, 99 

Rate-determining step, 97, 106-107, 
231, 233, 237-240 

Reaction constant, 186, 189-191, 
197 

Reaction rate theory, 96-99, 112- 
120 

Rearrangements, 315-328 
Redox reactions, 227, 388-395 
Redox systems, mobile and sluggish, 
389 

Relationships, between rate and 
equilibrium, 136-138, 182-183, 
209, 224, 227-228, 326 
between systems of reactions, 184r- 
194, 215 

Resonance, 19-31, 56-59, 195-196 
Resonance energy, 20-23, 27, 31, 66 
Resonance hybrids, 20 
Retention of configuration, 167 
Reverse reaction, suppression of, 
140 

Reversible reactions, kinetics of, 
102-104 

Rotation, free, about saturated 
valence links, 16 

restricted, in unsaturated com- 
pojmds, 18, 27-28 

S 

Salt effect, on equilibrium, 85, 89- 
94 

on reaction rate, 128, 129, 217 
suppression of, 94, 129, 258 
Salts, solubility of, 39-40 
structure of, 36-39 
SchrOdinger equation, 5, 9, 10, 71 
Semicarbazone reaction, 211, 330- 
336 

Semiquinones, 384-388 


Shaffer hypothesis, 390 
Silver salts as reagents, 138, 153, 
164, 171, 176, 298, 306, 312, 320 
Sink, electron, 195 
Sodium, addition of, to olefins and 
ketones, 393-395 
reaction of, with alkyl halides, 
144-145, 153, 154 
Solvation, 39-40, 54, 167, 172 
Solvent, effect of, 80-87, 89, 174- 
176, 214-216, 256-257, 259, 322 
Solvolytic reactions, 166-173, 292, 
300, 304, 305 
Source, electron, 195 
Specific rate, 99 

Spectroscopic determination of en- 
ergy levels, 4, 77 
Stationary state, method of, 105 
Statistical factors, 124, 199-200, 
204, 222 

Steric hindrance {see Proximity 
effect) 

Stilbene, reactions of, 149-150, 376 
Structure and reactivity, of aliphatic 
compounds, 86, 162-156, 169- 
^ 170, 208-214 

oJ benzene derivatives, 84, 121- 
126, 184-199, 204-207, 325 
Substituent constant, 186, 188, 196 
Sugars, reactions of, 160, 181, 216, 
273-274, 306, 337-338 
Sulfite ion, autoxidation of, 370-371 
Sulfonation, 314 
Sulfonium ions, 66 
Sulfonphthaleins, 92 
Sulfur dioxide, solutions in, 40, 53- 
54, 318 

Sulfuric acid, solutions in, 45-48, 
54-56, 261, 267, 277-285 
Symbols, 26-26 

T 

Tautomeric effect, 196 
Tautomerism, 27 

Termolecular reactions, 139, 172, 
236-237, 248, 338 
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Terpenes, reactions of, 160, 318 
Thiourea synthesis, 340-341 
Third law of thermodynamics, 76 
Three-ring compounds as inter- 
mediates, 148-151, 176-178 
Time, units of, 101 
Toluenesulfonates, reactions of alkyl, 
161-163, 173, 181, 190, 291, 299, 
322, 355 

Trans addition to olefins, 147-151 
Transition state theory of reaction 
rates, 115-120, 127-129, 135, 
175, 194, 275-277, 334, 336 
Tribromide ion, 156 
Triphenylacetic acid decomposition, 
283, 285 

Triphenylcarbinol, 54-55, 61, 267 
Triphenylcarbonium ion, 53-55, 59, 
283, 390 

Triphenylmethane, ionization of, 49 
Triphenylmethide ion, 49, 59 
Triphenylmethyl, autoxidation of, 
371-372 

structure of, 29-30 
Triphenylmethyl halides, ionization 
of, 53-54 

U 

Umesterung, 356 

Unsaturated compounds, Htickel 
theory of, 16 -19 
Pauling theory of, 19 -22 


Unsaturation electrons, 17 
Unshared electron pairs, 14-15, 142, 
291, 296-298 

Unstable intermediate, method of, 
105 

Urea, structure of, 25 
V 

Valence angles, 33 
Valence electrons, 9 
Van der Waals' forces, 13, 33 
Vibrational quantization, 71-72 

W 

Wagner-Meerwein rearrangement, 
318-319 

Walden inversion, 157 
Water, base strength of, 262 
structure of, 15, 33 
Water reaction, in catalysis, 216-217 
in ester hydrolysis, 358 
Wave equation, 5 
Wave functions, 6 

Whitmore hypothesis, 317-318, 320 
Wurtz reaction, 144-145, 156, 297 

Z 

Zero-point energy, 77 
Zinc chloride, 142, 167 
Zwitterion {see Dipolar ion) 









